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As the trend towards 1 ‘askr, lkttcr, Cheaper missions mdmdcs,  it presents managers and projcc(
]wrsonncl wi[h aclditicmal  challenges of cicwising  s(rcamlincd guicic.lincx  for jlnplcmcnting  this ncw
way of doing businc.ss. ‘1’bus, tllerc.  is a remwe.d emphasis on tradeoffs bet wmm rcquircmcnts and
risk to rcducc  cost, while still improving cpui]ity, ]cliabi]ity, ancl schedule, ‘1’lm risk/lecIllircr~~cr~ts
tradcmff guidelines contained in this Ctomncnt  arc intcmicd  to assist projccls  in this endeavor. l’hc
o~jc.ctivc.s  of the.sc  guicklincs  can bc. smmariml  ~,cnerically  as: to 1 ) cicmonstratc  opcraticm in a
filgllt-like environment; 2) validate. design; 3) clcnnonstratc  robustness; 4) dctm{  workmanship
flaws; and 5) clcnmnstratc  rcliabi]ity.  I~ach g,uiclclinc  addresses cm m more of these ob~ccti\’cs.
“II IC dcfitlition  of these objcclivcs,  as used in the, cxmtex(  of our task, arc ckfind  in greater dclail
below:

1. IJcmonstratc  operation in a flight-like cmvironnmt - cicnmnstratc  hardware operation to design
ICWAS  in a fright-]ikc cnviromcnt  in which several operational paramtcrs  may interact
synugistical)y  with each other and with the trx[ cmvironmcnt.

2. Valiciatc design ---- demonstrate the abilily of the electrical and/or mechanical hardware design to
fLlnction  within specifications in various opcraticmal mocics ( o n / o f f  cyc]cs,  start-up
J)CI’fOIlllallCC,  deployment times, end-of-life conditions, ck.) and anticipated el)l’jr{)l)lllel)ts.

~. ] )CJlloJ)Stla[C JQbllStIICSS - demonstrate. the ability of a ut)it  to operate at levels bcyonci the
cxpcctccl  fii~hthsc  cnviromncnt, in mic.r to quantify tl]c val ious margins withil] a (icsign.
‘1’csting to the limits of pc.rformarm shou](i not physically break or cause irmve.rsii>]c
(icglaciation o r  (iamagc.  Rc)bustncss  cicnmnstration  [ypically involves  elc.ctricai, lne.chanicai,
an(i timnai margins (e.g. sensitivity to voltage, clock frcqucncim,  packaging design
])c.rformancc,  ti]crmai c]egradation,  strm.tura]  intcgri[y,  etc.).

4. 1 lctccl workmanship flaws - (ictccl  worknuimhip  flaws that can cause  ti]llc-(ic~)crlcic.l]t
{iegra(iation  to clcclrical and JncchaJlical  har(iwmc,  as we]] as non-ti]ne cicpcn(ic.nt  fa i lures .
\Vorknlanship flaws can resuit both from promss  variations it) assembly ant] intep,ration,  an(i
those that cscaJJc(i from lower-lcvc] lnanufactmi]ls opcra[ioris.

5, ] Xmmnstratc rc]iabi]ity  --- dCJllOJIStlatC  t]te abiiity of t}m fii~,ilt har(iwarc to operate the rcquir’cxi
frictions uncicr  spccificd  conditions for a statc(i  pc.rioci  of time. Sufficient opcrat ing, time is
accllnm]atcd  through lcsting to eliminate “irl~dllt-l)lol”[ali[y”  defects an(i to provi(ic a measure of
t] m expcctcd  P~ilLuc  rate.

1 iach gLlidclinc  focuses CJII a l’ACUrl’  (1’rcwcntion,  Analysis, Gmtrol  or ‘1’cst) tyJ)icaily used to screen
for specific potential fai]urc moclcs.  A list of prmiominant  failure Jno(ics  relevant to c.ach :,uicicline.
iS :11S0 ~Clk?la[C(i  , ]Jl JllOSt CaSCS t hCy alC SUppOr&i  by lCSUit  S Of SC.81’ChCS fSOlll  grollJid tL’St all(i jl)-
fligh~ }~l(~t)lc]tl/failtlrc  ciatahases for JJ’I, ami GS}K: flight missions. ‘1’hc significance of categories
o f  faiium m o d e s  t o  t}m achicwcmcnt of ovcral] ]nissio]] sLlcccss is a(i(ircssc(i in tmns of
pcrformmlcc traciewffs  within the ]}A~Yl”s. (:0s1 cirive,l’s  in tile pcrforlnance,  of tilcsc.  specific l’A~l’s
arc idcntificci  for potential tracicoff  stLldics. l’armctric  tra(imffs that woLIIci bc cost cffcclivc  arc
il~ciicatcci,  ]n a(idition, e.ffcctivc suhstitutcs  for sJ>cciflc  l’A~’l’s arc idcntiflcd.

‘1’hcsc  gLii(iclincs  are. the cvo]ving  proCiLlct  of tllc l{isk/l<c(]llilclllc]lts ‘1’ra(icoff  task. ‘J’llis  task is parl
of a suite of four tasks in l]IC New Milh2J)l)iLlJll  h4issioJ)  ASSU1 aJm ]’rojc.ct  Applications 1<”1’0]’,
s]mllsore.{i  by the l’ayloads/Aeronautics 1 )jvision (<)”1”) of tllc office of Safct y an(i Mission
AssLuancc  (Chdc Q) at NASA. ‘1’his suite of tasks is (ie.signcxi  to fLlnction  synerg,islicaiiy  to cnab]c
tlm cmc.rging  needs of microspac.ccraft  (p-S/(:) ant] to remove the roadblocks for ac]licving  t]]cir
f,o:i]s (] Jig,Llrc ]). “]’hc flrSl Of thc fOLIJ’ taSkS, lilC ]<CCOJIlrllCJICiC(i  ]’1’o(iLld Assurance ]< CC]Uil’CHllCJltS
ami l’rote.sscs task, (ictcrmines criteria for a Jni JlinmJn set of prmiuct assLlrancc  rcqui J’cnlcJlts to
cnsLlre  ]uission  succc.ss,  It rccomme.ncis a sc.t of s])ccific reliability, environmental, parts, an(i
c] Lla]ity  rcquirclncnts  for p -S/[: app]icaticms. ];OJ”  each of the issLlcs  icic.ntifieci  in the first task, t}m
second  task, it] the form of tracicoff  and tailoring, guide]jncs,  tictemnincs the im]mt  on the risk of

1



increasing OJ reducing the paran)ctrk vahm of Ilksc rcquircmcnls. “1’hcx guideline.s allow pr~ject
IIlallagcrs  and pcrs(mncl  Ic) undcrstwd lllC issues involvccl  in order to allow tmhmffs  to bc made.
‘J’he fidi]ure mocks  gcmcriikd fcw cad) rcquircmcnl  fc.cd dircclly into the t bird task, I kfcc[  l)ctcc~ion
and l>rc.vcntion,  which  utilizes the Accurate., (h(-) iffcctivc  Qwdifica[ion  (A[l ~Q approach to
sys[cmatical]y  cxme.late these fttilure lnocics with Ihc mission requirements. ‘1’his process rcsu]ts in
a I ml Iix of weighted influc.ncc cmfficicmts. When combinui  with a ])101 of Pdi lure modes versus t k
1 ‘A(3’s, a rankcci  list of I’A(Y1’s is S,cncratcci  from which projc.ct pcrsmncl  can tailor the
qLlalification  program for a particulm mission. The forth task, T’c.chnology  Rcwiinc.ss Assurance
(iuicic]incs,  i(icntifies  u n k n o w n  effcctivcncss  lmramctcrs, asse.sscs t h e  rcaciimss  o f  zi ncw
tc.chno]ogy to bc inscrtcci  into fligilt  pmjcc[s, anti i(icnt ifics fomscci rcscmh cfforls into potcntiai
risk c]cmcnts.  ‘l’his task provi(ics the assurance Stfitus anCi  nccxi fOr infusion of ncw tcchno]ogics
into the Ncw Millcnnimn  Program.
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]..L..A C.OU s!ix... N@d<c@  rxwcml

1.0 ol)jcctive.s

Aco~~stic  l~oiscl"cstllts  floll~t  l~c]>rc}]>ag,af  io~~ of soUlld J>ICSSLll”C  V’al’CSt~lrOLlg,]l  aif’ of’ othwmed  ia,
I )urinf, the launch of a rmkct, such noise is p,cme.rated by the r’cle.asc of high velocity cnp,inc
exhaust gases, by the rcsonanl  motion of intcmal  emginc  Con)poncnls , mi by the acroctynamic
f]ow field associated with high speed vehicle nmvcn~c.J)t through the atmosphere.

~ ‘k fluc(uat ing prcssm’cs associated with acoustic cncrg,y can cause vjbrati~)n of strilct~]fal

conipmcnts  over a broad frequency bancl, ranginfi  from about 20 1 IZ to 1 Q,()(X) 1 lZ and above.
Such high frccpwncy  vibration can  lcact to rapid structural fat iguc. “1’bus, the objcc[ivc of a
spacecraft acoustic noise requirement is to cnsm s t r u c t u r a l  inlcp,fity of the Vdl’iclc  ami i ts
c6nymncnts in the vibroaco~~stic  cnvircmn)cnt,

2.0 ‘1’ypical  llcquirc~llcrll

A typical acoustic noise  ICquil”e.rllcrlt is i]]ustfatcd  in ]Tig,ur”e  1 t)clow.
—. —. ——

—H—.

.—

150

g 110 ~

I(KJ ~
10 1 (K) 1000 10000

W’qwkcy  (IIZ)

]~ig~lrc  1 - ‘1’ypical Amuslic Noise  l{equirctncnt

Such a flgurc specifics the. level of input soLmd pressure ovcf the spcclrLlnl  of ffcclucmcic,s  at which
the. pressure can fluctualcz “1’hc,  pressure 1’ is nwasurccl  in dccibcls,  ctcfincd  as

(t)) =“ XHop,-l~
I’rcf

whm the rcfcrmce. pressure. l)rcf = 2 x 10S Pa, ostcnsib]y  the audible limit of lhc human ear.
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‘1’hc. dccitw] ]Kssurc lcvc]s it-i acmslic  noise spcc.lm m not fymmlly  j)rovicic(l  at cad) al)(l every
frcqm)cy. ]nstc.a(i, tlmy arc. oftcm specific.d mu dismd  bands of width Af, wl)ich S]MI) 1/.3 of a
frc.(]ucl)cy octave. With this mdlmd,  3 soulIci ])rcssure.  Jcvc]s  will hc I)rovidc(l over atty ir]tcrwl if]
w]]ict] tlm f’rcqucmcy  cimlblcs. ‘1’ab]c.  1 is an cxam]dc  of suctl a 1/3 oc[avc ban(i s]mif]catim],  for

r ~’8]k’~  .Acoustics l)ccificatior)

(kntcr Frcqwnry
31.s
4(LO
50,0
63,0
80.0
100.0
125.0
I 60.0
?00.0
250.0
31s.0
400.0
500,0
630.0
800.0
1 (K)O.O
1250.0
1600.0
2000.()
2500.0
3] S().o
4000.0
S(K)(),()
6300,0
WOO.()

I ()(KK).O

SI’1, ((m)
122,0
1?4,0
12(1.0
127.5
I 29.s
130.5
1320
133.0
133,5
134.()
134.5
134.5
134.0
133.5
133.0
1320
131.5
I 30,0
129,0
128,0
26.s
~f,()
24,()
22,5
2 I .0
20s)

W~t)c.t)  l)lcsslllc  lc\~elsarc  (icfiJlc(iwjt  ilti)c.sclll  ctl)()(is. it is convm)icnt  tol)lo\~i(iral]lctisllle”  of tile.
ovc]:iil’ac  ollstic”  rmisc intcmsi(y. ‘Jk ovcrai]  soul~(i ~mssurc  ]CVC] (OAS~’I.) ]m)vi(ics~ust  SUCII a
II]cas[lrca[](i,fc)l  l/3octavc  banci  s])cciflcatimls, call bc calml:ltc(i as ltm (iccibc]  cquivalcxlt  of ttlc
1“00[ sill]) Sc]llarc (Rss)pl”cssw. 'l`al)lc  2illllstIatcs  sllc}la calclll:itiC)ri  fC)l`ltlc  ri:lta  C)f'J':lt)lc  1, awl
stlows  that tllc OAS1)I, is 144.9 (i];. II slml(i bc. Imtc(i  timt ti)is fi~,urc  i s  ~ l c . a t e )  timil  :il]y
in(iivkiwd  sou]~(i  Incssllrc kwc.1 ill tlJe. s~m.ificatiwl, kmsc it rc]msmlls ZII1 intensity  of tlm
spc.ctrllln ma who]c.

‘]’0 (]llalltif)’  the XWlsti(’ C.ll\7il oIllllC.IJt, launch  vcl)ic]cs arc of[cn cquilqmi w i t h  intend
llli CI()@l()l)C.S,  WhiCh ll)CaSUIC llOi SC ]C.VC]S Wit~Jill tilC. 10 C.kCt fAil’i Ii/,. ‘1’his tclc.llmtly (iata is lctayc(i
[0 tile f,rounci  for proccssin~,,  wi(i tlitilll:ttclyl)l[)[fc.(1  iri t}lc forI1) of a sotlnd pressure ICVCI VCJSNS
flC(]UellCy S]XXtILllll. Since Iilc. acoustic fmcin~,  futlclion is stochastic, (ic]lc.]](iil]f,  olI lJmlly
a[mospllcric ali(i {)tlJcl’ \’aliat”)lcs, data fmlll  a Illllnhcr  of Sllcll fiif, hts arc ~cnclally f@JCIC.  (1, {{11(1  aIl
cnvcdo])c., sucl) M that of }iigLuc 1, is (ic.vc.loped to cmcmn]ms  ttm ilistmical  rccmi of lnicm])lmm
(iatii.

‘1’his lMOce.ss cm bc. cxtcn(icci  ami ap])liexi to (inta frmn a Ilunltwl of laullcil vctliclcs. I f  a lautIc}I
])]:ltf[)l’lll llHS IJot  yCtl)CC.1) IIlnllifcstd  fO1apal[iClll;tl  ~l~iJ’]021(i, fico(lstic] J1Ofl]Cs”  fI’(HIl [{ IiUlllbCI’of
camii(iatc.  r o c k e t s  cm be cnvclopcxi,  pr(ximi]ig, aI) ag,p,rcssivc s]mcificatim  w]licil will cIIsurc
(icsiSf) acicquacy  fortttcspacccmft.  };i~,urc  ? t)clc)ll’lcflcctssllcll  a]noccss,  pmviciinp,  an cnvclopc
which c.ncmnpassc.s ti)c. acoustic e.nvironlncmts  frmn three. lmnct) vct)iclcs.

(1
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‘J’able 2 - Calcula t ion  of  overfill Sound Pressure  J,cvel

~rntcr  Frcqtlency 1 S1’lj ((III) l’ressure J’ (l%) Squorcd I’rcwurc
3],5 I 12?.0 25.?
40.0
50.()
63.0
80.0
100.0
1 ?5.0
I 60.0
200.0
250.0
315.0
4(KI.O
solo
630.0
800.0
1000.0
1?50.0
1600.O
2000.0
2500.0
3150.0
4(K)().O
5(KK).()
6300.0
WOO.(I

1 0(00,0

I 124.()
1 2(1.0I 127.5
129.5
130.5
] 32.0
133.0
133.5
134.0
134.5
134.5
]34.0
133.5
133,0
] 32.()
]3].5
] 30.0
129S1
1’28.0
126,5
12s.0
124.()
122.s
121.0
120.0

31.7
~g,~
47.4
59.7
67.0
79.6 I
89.3 ,
94A
100.2
1 0 ( . 2
106.2
103.2
94.6
89.3
79.6
75,2
63.?
56.4
50.?

I 42.3
35.6
31.7
26.7
22.4
20,0

633.9
I(KM.6
1592.2
?249.1
35(>4,5
44s7. s
6338.7
7979.9
S(M3.6
IO(M6.2
I 1272.()
11272,0
I 00.16.?
89s3.6
7979,9
6338.7
5(,49.4
3999.4
3176.9
2523,5
1780,5
1?647
1 (KM ,(I
-/11.2
503,5
399.9

1{SS I’rcswrc = 351 Ii l’a
20 log(351  .8/21;-S) = 144.9 (III—- ——. . .. —.— —

.—. .—. ——— —- ——— —— -~—-.- -—
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2.1 R a t i o n a l e

‘1’lm rationa]c  for acoustic noise tcslinfl is stlaig,lltfol}!’al(l,  as acoustic  cmrfy is the ]mimary  smrcc
of vibration input 10 a spare launch vchiclc. lJLlring, the itlitial  pham of a rockc( launch, llig,l]
velocity p,ascs arc cicctc.d from mo[or nmzlcs  and rcflccte.d  fmn the g,rmlld,  crcatinp,  tnrlmlcxm it)
t h e  surrounclins,  a;r and inducil)g  a viblatory  rcspmlsc of tlm rocket Stl’llclllrc. 1 )LIJ’it)~ tllc
subscqLlcnt  :immt phase of a launcl],  as the vehicle acmlcratc.s  throu~,h  the atmosplmc  to IIif,i]
vc]ocity,  acrodyaamic  tLu3ulc.ncc  i~ducc.s ]mssurc  fluctuations which again cause strLWural
vilmlion. ‘Jlmc prc.ssurc flmt~latims incrcasc  in severity as the vehicle approacks  an(i passes
t l)IOU:,lI the spcc(i Of sound, dim to the cicvek)pmnl an(i instabi Iity Of k)cal shock  waves. ‘1 ‘k
llig,h- lcvc] acmst  ic noise. cnviro!ll nmt cmt ilmc.s  (iuring supersonic fli~,ht, S,cncrally  untii tlm
maxilnum  dynamic pressure or “max Q“ condition is I-cachc(i.

Acoustic cncrs,y g,cts  transmitted to the mission payloaci  in two \vays. l;irst, fluctuating, pressures
witl]in tl]c payloac]  fairing imping,c  directly on exposed spacmraft surfaces, inciucing vibration in
hig,]l Sain antennae, solar panels and other cmnpcmcnts  havinp, a large ratio of tile.:1-to-]lj:tss.
Sccmciarily, tlm fiLlclLlatinS  e.xtc.rnal  pmssum flcki causes  an oscillatory rcspwlsc of tlm rocket
slructm, which  is ultimatc]y  transmittui lhtough the. spacccraf[ attachmmt ring it) ttm form of
random vibration. } ‘mm the space.mfl pmpcctive.,  this rtmimn input is f,c.tm.rally  lowest  at the
launcl] vchic]c attachment plane, ami incrcascs  upwarci  along,  tlm payload axis.

At tlm intcg,latcci  spacxmaft Icvcl, then, acoustic Imisc is a primary smrcc  of vibration excitation. 1[
is a “real wwlci” cnvironlncnt,  and shou](i  br. inclu(ic(i  in vil-iual]y any S]MCC. vclliclc. test ]mg,raln.

2.1.1  Failuw Modes

‘J’l]c failure mode.s proCiLmd by acoustic noise excitation arc gmmrally i(iclltical  to t}mc  associatcxi
~ti{]l  Ot]~CI  ty])c,s of Vibl-atc)ry  S(1 UCtLlrtil  fatiflm.. ‘1’lmsc irdmic fai]urcs  cim to cxc-cssivc
ciisplaccmcnt,  in which cmc cicflc.cling coln]m]mnt lnakcs  contact  \vitll  allothcr,  as well as fractLlrc(i
structural members and loose fasteners. llJdmI s(d(icr  joints, cJwkc(i })[: boards  a]ld wave :, Llidcs
can also occur. lilcctmnic com]mcnts  whose fLlllctioll  (icpcmis  on tlm motion of stmctural  parts,
such as relays an(i pressure switches, arc l)arliculady  susceptible.

1 .arf,c flat panels arc nms[ easily inflmncc(i by, and tlmcforc  ciamap,cd  by, amuslic  cmcrp,y, as tlmy
can umhmxo large. (iisplacc.mcnts  \vhilc oscillatinpj  at low frcqucwcy. 1 ‘or a typical spacmrafi,  this
JIICaIIS t}mt a fixcci  hig}l  gain anlcnTla  must bc Carcfu]]y dc.sigyc.ri  ami stiffmcri to avoid  bc.n(ii[l~
failul c.s, dcbon(iiap,  of cmnpositc nmnbcrs  ami related pmblcms. II) ~CU)C.J’d,  ally Strllcturc with a
}lig,ll Iatio of surface area to mass can bc cxpc.ctc.(i  10 Cxpe.ric.ncc  potential problclns ill tllc acoustic
IIoisr cllvironment+

2.1 .2  Suppor t ing  l)ala

Supporting, data for acoustic noise. (icsip,n, analysis a]I(i tcstil]g  can be foun(i in tllc  ICfC.rCIiCcS  lisltxi
bdow, as wr.1] as in \’arious launcl) vc.hicle  USC] ]nanuals. At J1’1. the acoustic test IHIS traditiwlally
bccm scvcrc., with the qualification c.nvironnmt  ~,elmally  cstablishcci at 4dll atmvc tlm expc.c~cxi
launch  noisr  ]uwfi]e.. ‘1’able 3 provicics a sam]dinp,  of problclns  (ie.tcctc.(i  durillS, acoustic tests on
scveml n l;ljo]’ 1 ,aborat ory pro~,rams.

I
I
I
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Table 3 - JPL Acoustic Test Problem/F—..—
Program Year Subsystem~ Failure Mode—— . — . — .

Viking 1973 S/X Eland Antenna Cracked ~pOXy ‘- ._——
Viking 1G73 S/X EJand Antenna Spacers Loosened

Viking
— — . . .

1973 S/X Eland Antenna Studs 1 ooscmed—— .- .. —-—.—.—. ———.——
Vikirr&

———
1973 Infrared Mapper Wire Shorted—. —— .—. ——.— - —.——

Vikin F{adio Antenna1973 —

—L— .——-- --— - Screw Sk!eared —-. ”,. —-——... . . ..——
Voyager 1977 SIX Band Antenna Magnetic Coil Debonded.——. — ———-—
C5alileo 1983 Dust Detector &?rlsor  CZrver Buckled—,——-
Mars Observer 1991 1 elecom  Suhsystg_nl }{GA  Screws Backed Out—.——— —.. ——-. .— ———.. ——. —
Mars Observer 1991 tliyh C;ain A n t e n n a HCiA  Struts Dcbondcd 3
~;rs C)bservcr 1991 High Gain Antenna Wavquide  Broke— . -—. .  — —  .—c. — — — ,
7 o p e x 1992 Instrument Module UC ‘Le;~ Wire E3roke-.——.—.—.—— —..—. .—~. —.—
Cassini 1 m t{i@_Gain Antenna HGA Screws Dackcd Out—- - — .  — . .. —.. —. ———. —. ———_. —
Cassini li95 ~igh C5ain Antenna IIGA Struts L)ebonded

‘1’lm testing has clearly  identified impmpcrly  designcxl, Lmdcdcsjgncd  or mdcrsixxl  Com])onmits.
It is interesting 10 note that a ma~ority  of thcsr pmblmns have mm Id ill lligl]  gait) alllcnnas  al)d
rc]atcd  subsystc]m, which have,  the previously icicntifkd  clmracteristjcs  of larfy smfmc  mm, low
mass mci bc;mlec]  attaclmmnts.

3.0 ‘1’ra(lmffs

1 ‘ailuw mode scmitivitic.s  and cost [rmdcoffs for the acoustic mist crivirmrncnt arc illustra(cd  II)
1 ~igllrc.  3 bc]ow. ‘1’hc primary test variab]cs  are acoustic  noise inlmt level, Iimc (iuratiml for t}m test,
frcc]ucncy of noise. input  and whcttm m not power is on in ttm test arliclc.
1 {ach test parameter in an acoustic misc. tt ial is g,cnerally  a cost drive.r. ‘1’his is prilnarily  duc to tllc
fwt that the. text requires a large cliambcr, m a n y  su])porl ]msonncl ancl a sig,r]ificw)t amount of
equipment,

.—. — .——— ——.—.——
““~euiwoenl

.—
~S!OkQL&O razimf ‘ - - - — ” — – ”  m ‘——-Efi7TII[kCMi@rT’--S7~ZfK  (I .10 c refl E c
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4 . ( )  Rcfcrcnces

1. h411.-  S“J’11-  154(K, ‘J’cst  Requirements for 1.aunch, lJppcr-Staf,c and Space Vc]liclc.s, llnjted
States Air ]Jorcc h4jlitary  Standard, 1994.

2 .  stcir)bcrg,  1). s . , Vibration Analysis fm } ilcct] onic 1 iquiJmmllt, Ncw York: John Wiley &
sons, 1986.

3. 1 li]mlb]au, 11., 1 Ml]cr,  C;. and SClmrlon, ‘J’., “Assc.ssmcllt  of Space Vehicle. Amcacoustic
Vibration I)redictjcm,  llcsj~n  atlcl  ‘Jesting, “ NASA {3/-1596, JL]ly, 1970.
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2. Pvrohchnic sllock_.llg!li.rcJllcll_l
1 . ( )  objectives

Pymtcchnic Shock is a design and lest cmditicm un(lcr  which  flight hardwwc is subjected to a
rapid transfer of cJmrp,y.  “J”hc energy transfc.r is associated wit}]  the firing of an cx]dmvc  device,
usually for IIIC puJposc  of iaitiatinfl or performing a IImhanical action. $):iCCZJ”af(  scparat  io]l
C, VCI)(S OI t})C rc]CasC of p:q>~l]siOJ)  systcm  safing  chxims arc. tyl)ical  of such mechanical actions.

2.0 ‘J’ypicd  l{cquirement

A typical pyrotechnic shock requirement is illustratcxl  in Iiigum 1 below.

——.__——. —. ——. — -——. — -— -----

1 0 0

I

/’/
I

,.

u-=-,,,,
,,
,,

1 ,

i,

l ’ !
1000

I

.— ——
I

-+ I

,,

,,,

,1,

I

,,
,..

1 0 0 0 0

l’igurc 1  - ‘J’ypica]  l’yrotcchnic  Shock l:equirt’mcnt

.— , .-

Such a figLuc g,ivc.s the re.sponsc of strLlctLm  to tlm rcle.ased  shock CJICJgy,  ald illLlstratcs  a gCJICJ  al

trcd that, as structural response frmlLm)cy  incmascs, the peak accclc.raticm  Jcsponsc  itmrcascs as
WC] 1.

2.1 R a t i o n a l e

‘1’hc rclcasc of enc.rgy f r o m  a n  c)rdIlal]ce-co]ltaiJ]il]~,  dcvicw and t h e SLlt3S~C]UCJlt  tl’WISfC.r to
SUJN)II  ndi ng strLlct  Luw rcprese.nt a very complc.x  event. As a result, it is clifficLl]t to dcscribc tbc
~dLIHl  S]lJi])C Of the ~J@lCC] ShOCk WW; it is gmcrally l)ot a siln]dc.  tilnc-tmcd  I)Lllsc. sLIc.11 as a
sqLlare or triangular wave. 1 ‘i~LIJe. 2 illmtratcs a typical acceleration \’crsLls time. tram fro~n an
act Llal pyJ otcchnic  shock cvcilt.

10
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Figure  2 - l’yro S h o c k  Accclcration  ‘J’imc IIisiory

‘J”hlls,  in establishing a pym shock rcquimncnt,  no at[cmpt is made. 10 (icsrribc the input pulse, but
Ihc flcqtlc~lcy-(iol]lai]l response. of the strmturc  sul!lcctcd 10 tl]c pu]sc is dcscritmi instead. l;igLlrc
3 below illustrates a typiml nmmsumncnt  of this rcspmsc.
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Obviously, the requirement s}mwn in l;ip,ure. 1 is derived  from cxpcricmc wit}]  some typical
l~~c:istllc]llc~~ts  shown here. ‘1’hc increase in peak ac.ccle.mtiml  with incrcasil]g frequency is a
lmasurcxl  fact, and occurs because of II ie low effect ivc. mass p,cncral  I y associaic(l  with l)i~,hcr
frequency s[rLlctural rcsmanccs.

2 . 1 . 1  ]%ilurc Mmlm

‘J’hc failure  moc]cs  procluccd by shock excitation cm Im brofid] y ~,roupc(l  into fmlr catcpjorics.  l~irst
arc. tlmsc  fai lures associa(e.cl with high stmscs, sucl I as buctilil]g  of lonp, wlcl slcn(lcr  strLIcturcs,
plastic dcfoma(ion  of stnlcturc.s or fractm in britllr components. Next arc Pdilurcs duc to hip)}]
accc.lcration  ICVCIS, which can cause relays to chatter,  potcntimctcrs  to sli~) and bolts to Iooscn.
‘1’bird arc ]mblmns  associated with cxccssivc. displaccmcnt,  which inclucle  broken solder joints,
cracked I’C; boards and wave guides, or p,cncml  Jmoblmns  associated with the inlJmt  of cm
structural component into another. ‘1’hc. final category ccmsists  of transient electrical )nalfullctions,
which occur only dLwing  application of the shock cnvironmcnl, Such malfunctions occur in
camcitors,  crystat oscit]ators  ancl hybrids, tbc lattc.r  of whid can temporarily short  circuit cturinp,  a
st~~wk event ({uc. to contact bclwcc]~ the device ])ackaf,c and internal (tic tmnti wires.

2.1.2 Suppor t ing  l)atri

h4anv stuclics regarding, the. effects Of pyrotcchlic shock have been c(mductcd  (luring
of Ih:: acrospacc:  indusiry,  but one of th~ best is JmlIaJX that provjdccl in Rcfcrcncc  j. (kmdu~tcd
by the Acms~)acc  Ckwporntion  under contract to tlm Ail 1 ‘orcc S ystcms Cmmand Space 1 Xvjsion,
the slIIdy cxalnincd  and sulnnlariz.cct  c)ldl~allce-lelatc(l  shock failures over a period s]lanning  smnc
20 years, dating frcm tllc first n~issilc.-rc]a[c(i  pyro shock fai]urcs in t}]c early 1960s to about 1982
WIICJI the study  was conc]udcct. A total of 8S flight failure events are sunmariml in the ]japcr,
reflecting events ranging from relay cllattcr,  broken clc.clric.al  wires aTld Jcads, cracked @ass diodes
or fractLuc  of britt]c ccran)ic ccmiponcnts  and a nulnbc] of ot]]crs.

3.0 ‘J’radeoffs

1 ;ailurc  ~imcle sens i t iv i t i es  and cost tra(lcoffs  fm the pyrotecl)]lic  shock cnvironlncnt  ncc.d to bc.
disc.usscd in the c(mtcxt  of a particular test tcchr)iquc. ‘1’lIc tlmc.  principal lIiclho(ls  for shock
testing inc]uclc  shaker  syI)thcsis,  rcscmallt p]a(c testing and actual firing of pym dcvicm.

]n the shaker synthcsjs tcchniquc, tllc ar[ic]c (() bc shock  textcd is mountcct to an c]mtrodynan)ic
vibrat  ioJ~ shaker using an appropriate flxturc.  A function gcmrat or is conncctcd  to t} IC shaker, and
a triangLdar, sqLlaw wave, half-sine or similar time-based pulse is input to ttlc test arliclc in an
athmlJJt  to generate. the. ctc.sircct  frequency response s] mctrum.

~icncral]y,  this is a trouble-prone an(i ineffective cxcrc.isc  because, as stated above, a pyro shock
pu]sc. rarc]y manifests itself as a simple fLlnction. 1 ‘ur(}kc.rlnorc, the shaker syntlmis tcctmiquc
tcncls 10 input cxccssivc energy to the structure at low frcqucncics  and insuff]cicl]t  clIcIgy at hi~t]
frc.quc.ncics.  As a result, hardware sul)jcctcd  to suc}I tc.sts is often ovcrk.std  in tlm low frcqucx~cy
rc~iIm  and unclcrlcslcc]  clscwllcrc.

III all attempt to ilnprovc  upon tbc syntt]csis  lnctlmd,  lnany el~vilc)lllllclllal  test cn~,ine.crs have
atlcn]ptcct to modify ttlc input to the sbakcr  usins, so. called “chirp” techniques. In this case, out]mt
from the. function gc.ncmt or is passe.d tt lrough a graphic cqualimr before being routed to tlm shatmr.
“J’hc shaker input s~)cc[ruln is then “ t u n e d ”  tllrougtl an incrcasc ill ttlc gain of hip,}) frcc]ummy
signals, and throug,h an at Icndant gain re.duct ion at low fre.qucncics. llnforlLlnatety,  SUC1l  c. fforls
offer margina] improvc)nmts  at best, clue. to ttlc inhc.rent low-pass fil~cr cha[ acic] istics of a
lncctmnical  sbakcr.



in the. monant philc tcclmiquc,  advantage is taken of the fidct that a stiff, free-free ]nct:tl  ]Jlate cm
cxhibi(  very high frccpmncy resonances. “l”he article to br tcstcct  is mounted to an aluminum or ste.cl
plate, and the phtc  is subse.c]uently  suspcnclcci in mid-air. A ]nctal ])cndulum  is then swunp, il]lu
contact with the dale. inctucin~  transient vibraticm. If’ the fre.qllcncy  response of the lImlntc(l  test
arlic]c is measur~d  with an ac;elcromelcr, a plot such m that iliwakd iti l;ip, ure. 4 can Icsult.
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Figure 4 - Response Spectrum in Resonant  l’late ‘J’cst

Althmlgh  this tcchniqm  can clearly pmdLm a response cxhibitillg  the desired trcncl  of increasing,
accclcrltticm with incl:casinp,  frcq Llcn~y,  it is still lc~s than i(ical. ‘J’wling of the response spcclru]il
such that tl)c correct accelerations occur at the cie.silc(i  frcqucl)cies is very difficLllt,  il)volvjnp,
mocliflcaticm  c~f the plate thickness, shape or suspension mcthoci, modification of similar lmmcr
characlcrjstics, or mollification c)f the. hammer swing an~,lc as illustrated in }(igure  4. ‘1’I)cse.
ac[ivit ics arc time cmsumi  ng an(i gcncrall  y bascct on trial and C1.1’OJ., ancl may never pmiuce  the
Col’1’cct response Spccmlm.

“1’IIc.  twst ~)yrotcchnic shock  test method, then, is one which uti]izcs pyrotechnic dc\’ices. ])LIc 10
safe.ty, fmi]ity and rc]ate.d rcquircmcnts, this can bc an c.xpcnsivc Imposition, }Imvcvcl,
considering the time whicl} might otherwise. bc wastccl  dLIJ’jll~ tl]c collstrLlct  of a silnLllaticm,  ald
considering, the potential for ovcrdcsign  or Llndcrdesigtl  of hardware which could  Oc.cuJ if the
sinmlatiOn is inaccuratcj the pym  method may iJl fact bc a barf,aiJ). It shml(l  bc utilizcxl if at all
]mssit)le..

A r m e d  W i t h  OLlr VaSt h3W]CCt~C  Of thC priJ)l:tJ-y S}IOCk tCStiJl~,  lliCthodS, WC Call JlOW pI’MCJ)t
appro})riatc  test cmtml parameters, the smsitivity Of failure nmdcs  tO c} Ial I~,c.s in t}lcsc paramcte.rs,
an(l cost tmclcoffs associated with cachl  }iir,ure.  S provide.s a summary Jnatrix of tl]is ill connation.
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3 Radjafion  ]) C&l)”’ M~tiL .Ilmuimnmt: -*—..——

1.0 Ohjc.ctivcs

Oncoflhcclcsign  drivcrsof spacwcraf[  is tl~crcCILtire.lllcrlt  t[)s~lrvivc illtilc. ladiatioll  cnvironnwld
cxpcctc(l  to l)c cncountcre,cl  throughout the missiml. lilight  assemblies shall bc dcsignc.d to
withstand ionization effects and displacement ctanla~e resulting from the flig,ht radiation
environment with the requircct radiation ctcsign margitl  (1<1 IM),

‘1’hcdcfinition  of Rl)Mis the ratio of rfidiation  capability of the patl CM component for a ~,iven
application to the cxpcclcci  raciiation  cnvironnmnt  at their rmpcctivc Ic)c.atim durin~, tllc missio I1.
‘Ihc. ~):Irl/coIII])C)r~cI)t radiaticm caj)ability  is dcflnccl  to bc the fiucme (or dose), flux (w dose rate) (If
cimgc(i particles or nuc]car radiation which  will pmclucc  encmgh change (dcgraclatim  or raciiatiol~-
induccd  intcrfcrencc)  in the parl charactcrist  ics to cause the part to opcrak  CM side of ils
specification for the particular circuit application.

‘.]’im  R1)M rcquircmcnt  is imposed on assemblies or subsystems to assLlre.  reliable opcrat ion and to
minimize risk, especially in mission critical appl i cat ions. ‘1’hc g e n e r a l  USC. of an 1<1 )M
acknowlc.clgcs the unccrlaintics in erlvirorllllclltal  calculations and parl radiation har(incss
dctcrlninat  ions,

2.() Typica l  IIcquircmcnts

IIascd cm flight cxpcricnces, it is standard praclicc.  at J]’], to require  an RI)M of 2 for most
appl  i cat ions if on] y the inadvertent shicldinp,  of the surrounding, spacecraf[ or instrument cnclosurc
mate.rials arc cmnsiclcrcd  in the radiati(~ll/sllicl(lillg  analysis. } lowcvcr it rccluirm an I<I>M of 3
when local shielding, such as component/part pdckagc  or spot shiclcling, is taken into account.

“1’hc 1<1 )M rcquircmcnt  ctocs not app] y to single cvc.nt effects (S}il i), such as sing]c event u}xct
(SljlJ),  sing]c event latchup (SIH.), etc., since S1 ;1; is evaluate.d on a probabilistic basis.

2.1 Rationa]c

‘1’lm unccrtaintic.s  in radiation environment estimates and the part or component radiation capability
clc.tc~l~~il~atiol~s  lead to RI)h4 values between 3.5 to 11.5 (}<cf. 1). } lis[orically,  the introctuctioli  of
an 1<1 )h4 of 2 stems from the Voyager ]Yojcct anti was cstablishcci basmi sole.iy o~l not l]avin~,
snfflcicnt  mass allowance for shic]ding.  An Rl)h4 ]tmch greater than 2, ]Icrhaps as hi@ as 10,
would have been sclcctcct  10 cove.r all unccr[ait~ties  if tllcrc had been sllfficicnt  mass availab]c  (l<cf.
1).

An R1)M of 3 is imposcci when local shit.]ding, sucl] as col~~$)O1]c~~t/])art  package or s]mt sl]iclding,
is taken into account, “1’hcxc is an implied p,rcatcr  risk associated witli taking  the local shielding il~lo
consideration bccausc this is clone  in cases where soft parts, rather than inhcrcnt]y  hard parts, must
bc uscct  that arc ctcpcnctcnt  on local shit.lding and thcil  calculated shielding cffcctivcncss.

2.1.1 Nailurc Modes

(1) l.ong-rl’crm ioniza t ion  ICffccts

Potential problems with the electronics and mate.rial arise from the long-tcnn cffe.cts  of i(miy.ing
ra(iiat ion. The Inagnitudc  o f  ] o n g - t e r m  ionirration is a functic)n ])rimariiy  of ionizin~, cncrp,y
deposition, i.e.. the ctosc measured in racis in the matcl ial in question.
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II) scnliconctuctor  devices, these arc nlanifcstcd  ‘in charges being tmp]md in insulatillpj  layers on
the surface of the scnliconductor  ctcviccs. ‘1’hcy are most important in h40S strLlcturcs  in which
[rappcci char~cs  in the gate oxiclc  layer procltmc  a clm)p,c  in the apparent gate volt ap,c. ‘]1’:l]>P(X1
charges in surface passivation  layers arc also imporlant in ~unclion  ctcviccs  wlicrc they may
prodtlcc  an inversion  layer that spreads out over the effect ivc surfam  area, thereby incrcasins  tllc
rc.cm t~binat  Ion-gcnerat  Ion currents. ‘1 ‘hcsc. currents al c. most import ant in bipolar t ransistors  that arc
opcralcd  at low collector cLlrrcnts and in n-channc]  .l};l ;“1’ devices. “J’hc sLlscc.ptibilit  y to surface
rcccnnbinaticm  clcpends m (1IC qLlality Of the oxide  layer and the app]ic.cl  c.lcctric  field.

III optical materials, lmg-tc.rm  ionizatim effects  appear primarily as .an incrcasc in optical
abmrptim. Those arc usual] y manifcstat  im Of charges trapj~ing at a prc-existing (icfccl, so the
absorption rate is a strong function of the initial mate.rial propcrlics. 1 ‘or c.xalnple., fused qu:ill~
generally colm ICSS than alkali glasses for a given ionizing dose.

III quartz crystal used for precision oscillators Or filtm, long-term knization  effects can J)rducc
sip,nificant rcso~~al~t-frcqL~c~~cy  shifts. Again the.rc is a strong, dcpcmtcncc  upon tllc type of material
used. NatLlral quarlz shows the, ]argcst frcqucmcy shif[ for a given kmi~ingl  dose, syntktic’ quarlz
shows less, aJvd swept synthetic c] Llarlz shows C.VCII less. in tl)csc cases ]nopcl’  sclcclion of thr
c]uar[z crystal growth method can minimize the. effect.

‘1’hc dc\~iccs ancl materials of concern and the most scrioLls radiation indLlccd  effects are:

(1) h40S devices (threshold voltage shift, cnhanccd  lcakap,c).

(2) IIipolar transistors (l)l.l, dcgraclation,  especially at low IC ; lcaka~c  cLlrrcnt),  and
@Mien  field effects transistors (J}’1 I’I’s) (enhanced soLlrcc.-drain leakage currc.nt).

(3) Analog microcircuits (offset voltagcj  offset c.urlc!lt and bias-cLmm~t  cllanp,c.s, gain
clcgractat  icm).

(4) IIigital nlicrocircLlits  (cnhancc.d tlansis[or  lc.akag,c,  or logic failure clLlc to ionizing,
close induced }+1, & VI. changes).

(5)

(6)

(7)

Quartz resonant crystals (frcqLlcncy  shifts).

Optical mate.rials (increased absc)rption).

lixtcrnal  polymeric surfaces (mechanical dcgraclat  ion).

(2) “J’ransicnt  i o n i z a t i o n  ltffects (lntcwfcrcncc)

lntm-fcrcncc  is defined as transient iolli?.aticm  effects that persist only while  the electronics arc bcin~
irradiated, and whose severity is g,cncrally  proportional 10 tllc dose rate. ]nterfcrcncc effects
dc.~)cn(i  ~)rimarily cm the rate of ioni71ation  cmcrgy  deposition, i.e., the do.w rate nlcasL]rccl  in rad/s.

‘1’here. arc foLlr t ypcs of interference in electronics devices and optical ~natcria]s:

(1) Primary photocutrcnts in low cLmm~t sensitive input stages to the electronics.

(2) I ilcctrcm emission from cathodes of cle.ctron  multiplier-type detectors.

(3) lo)li7,atio]l-il](l~lcc(l  conductivity in photmscnsitivc materials, such as tlIOsc in
detector surfaces,
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(4) lo~~iz4atio11-iI~dLlce(l  ftuorcscmlcc i[l optical materials, such as dctce.tor  windows aild
lenses (ftuorcscencw  efficiencies vary strongly with the. types of material).

( 3 )  l)isplaccm(mt  lCffCCts

1 )isplaccmcnt  of atcms in crystal lattices cause permanent changes tcr material pmpcrt  ies, “J’hc
cxpcctcd proton and clcctmn flucnce.s  usual 1 y do mt rcj)rcscnt as scvcrc an cJlvironnvmt  fOr
ciisplaccmcnt  effects as forlong-tcmn ioni~jatiort  cffc.cts. ‘I’llcrc.forc,  [)lll~~tllc~llost  sensitive clcviccs
will be affcctcct  significantly by ctisplace.mcnt  effects.

I lisp] accmcnt  effects can affect the following devices and properties in the electronics:

(]) ]~ipolar  transistors with ]ow f~ (}1}s  , ‘c,, SAT, ‘Iii. SAI).

(2) PN junction di~dcs  (Vi, VJ.

(3) 1.ight  mnitting diodes (1.W) (V}, V,,, light emitting cfficicncy).

(4) semiconductor photodetectors (quantum cfficicncy).

(s)]]Cvices il)cOrf)Oratin~ ]atcra] p-n-IltransistC)rs  (llll !v([.s  Al, v[I[,s A’[).

(6) MC) SFETS (resistance, leakage  current).

2.1.2( S u p p o r t i n g  l)ata

‘1’hc .111.  PI+< database was scarchccl  for types of failures ancl failure moclcs  recorded  cluring  the.
ractiat  ion tests and in flight. An abstract of some of the 1’1 ;R data related to racliat  ion c. ffccts arc
shown in ‘J’ab]c 1.
—— .

‘]-able ]. JPl, Radiation Effects l’l”oble]~l/};ail ~lrc 1 ]istor
— .

-w 1’1’1{ # lkvironmml Ikscri tion

p z ‘ -------

.—
l’ailurc hdode— — .—

Voyager 41048 I’lighl Ncr counls in rate channels of }ll:TI’ Probzibly OIIe  of tlic  3 hi-polar ;allsis(ors ir~
2 tctescopc Ihc circuil Pailed due 10 r:idialion- —

Galileo 52602 I’lip, h[ Observed noise spikes - A  ~kcly cortcla[io[l with hip,h so]al ac(ivily-’
chamctcrislic  of radiation incluccd level
evc.nls in SS1— —

Gati]eo 41341 ‘1’csl “]’he ultra  stable oscillator (US()) ( 1 ) ncga[ivc  frequency shift  is 10 bc cxpcc(e:T’_
shifwd  frequency -1.676 11/ duc 10 when swept synthetic quarlz  is ir[aclia[cd
a 5 Kracts dose

(2) th; offset  vottag,c changes in the
1,hf 108111<  of the inner oven cwntrol  circuit
rcsulling from  Iadiation

ZialilciT 4Z87 ‘1’csl — Some of CI)S’S  nmnmry  RAh4s g,ol Si:,niflcan[  dcpradatiorl  of ttlc read dislurt,
worse with radiation— — thresholci— . — -—

3 . 0  T r a d e o f f s

OftcIl an RlJh4  of 2 is pcrceivcci  by many pcopk  as being cmrl  y conservative. ‘1’hc se.lcctim of an
1<1 )h4 may bc somewhat arbitrary and will tend to bc ctrivcn by mass limitations, acccptab]c risk.
versus cost, and the total racliatic~~  hardness progran).

l’ro~ects  typically have resources and mass limitations which preclude usage of more conservative
R1lMs.  Based on the “best” radiation mock]  at the time, the. part raciiaticm  hardness test data, a.ncl
the cxpectecl  mass and other rcsourcc limitations, a radiation clc.sign  Pdctor of 2 (3 if local shield is
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c.onsi(icrcd) js required for spacecraft flight e.lemc~lts. “1’hc  term used to dcscribc  this radiation
de.sip,n faclor is “radiation design margin”, a n d  t h i s  js the  source  of  nlc)s[  colnnm~i
l~~istl[lclcrstal~(lil~g.  ‘I’l~c]lroblc]l~ ariscsfrolll  thcfi~ct llla[tl~cre.  alcsi~[~ifical~  ~tll~ccr(ail~tics  i~l all the
c.lcl)lcl~ts  itltl)craciiatioll  sLlscc])tit~ility  calc~llatic)lls,  all(ltl]c  lcrm “radiation  design margin” implies
a known fm[or of safct~, which in [Lwn implies a large dc.grcc of ccrlainty  of sLuvival  in lhc
radiation cnvironmcnl.  l<orlhisrcason  Rllhfl whjch implies a margin is really a lnisnmncr. It may
t}cl~~orca ]>]>ro]Jriatct  ()rcfel!o:  iradiatiollCle sip,tl fidctor and not inadvertently mislead pcop]c to
l>clicvc  acoI~scrvati\~c  Illargitl  exists. An RI)h4 of 2 is not,  nor was  h ever, intcn(icd  to inq)]y
IO()%margin asit has somctimcsbccn nliscmstrLmd  tonwan. An R1 )M of 2 does not COWX  t}]c

unccr[ainties  as indicated in Reference 1. 1 Ic)wcvcr,  in lhc world of practicality an R] )N4 of 2 was
all t}lat was affordable on Voyager, ancl it wcwkccl  on the onc spacecraft that was tested. It is
inqmrtant  to rcjtcrate  that tl]crc  arc uncertainties in environmental calcLllalions  and parl raciiation
hardrmss ctcterminations  in the usc of R1 IM.

( 1 )  Racliation  I]ardncss I)ctcrmination

7’hcJ c arc at least four quant itics that can contribute tf) the }mcerlaint  y in the parl radiat ion capabilit  y:
the parl type, tl]c. manufidcturing pmccss,  the circmt dmgn, and the parlicuhir  circLlit  application.
“1’hcIc arc many different part t ypcs, many circuit dcsjgns  aTd applications ancl perhaps several
different nlanufactLlring processes, (lmscclucnt]y, the uncertainty in the pall capability has to bc
sufficjcnt 1 y large. to account for the large. variations from part to JJar[. Most of these arc. difficult to
qLlantify and testing is the only mc[hoct of cie.tcrmining  the radjation capability to bc cxpc.cted  ill a
given flight lot. 1 ivcn though the Lmcerlaillty  for any one specific parl may bc clLlitc small, ctiffcrcnt
radiation test conditions can generate different capability values, I ‘or some lineal-  intcg,ratcd  circLlit
dcviccs, the total ionizing  close (’1’111) capability COUIC1  drop chamatically  if tcstc.d  witl] low C1OSC
rate instea(i of high close rate. For example, 0P42  was rated a racliatiml-harci  cicvicc  (> 100 Krads)
in tlm past but was rcce.nt]y  found to bc very sc)ft (- 15 Kra(is m lower) when tc.stcd with low dclsc
rate which better sjmulatcd  the flight environment,

As c]cctronics  parts now have higher capacity and smaf]cr vo]Lmlc compared to those usec] on
Voyage.r and other spacecraft, it is prLldUlt  to c.arcfLl]ly  rc.-cxaminc R] >h4s ‘of higher ln:ignilLlc]c  on
fu[Lwc spacecraft programs or to refine the. parl radiation hardness (ie.tcrminat  ion tcchniqLlc  if al}
RI)hl  of 2 or lower is delnanctcd.  ‘]’hc part radiation hardnc.ss test is generally a cost driver. “1’his
is primarily due to the, fact that a more accurate test requires more samples, more re.aiistic  fti~~,ht
simulating radiation sources and conditions, and longer test time.

‘l’he altcmativc to overcoming the test unccr(aiJ~tics is to perform the worst case aJ@ysis (WC:A) for
the circuit app] i cat ions. l~or example, if a bipolar transistor was rated 50 Krads in term of h}l.
degradation, but the parameters shif{ duc to an irradiation of 100 Krads is still acccptab]c  based on
the worst case anal ysis, this part has the required R] )M of 2 if the local environment is 50 Krads.

(2) Radiation Environment G31culation

‘1’hc. local ambjcnt  radiation environment is (icpcndcnt  on the mission clcsjgn, tk e.l~vilc)r~t~lcrltal
ra(ijat  ion nmdc.ts,  the radiation transport cock, and the spacecraft mass mock]. ‘J k calculated
radiation environment might be the total icmi~,ing  does (TIIJ), 20 Mc.V cc]uivalcnt proton  ftucncc for
displacement damage, or flux for detector intcrfe.rcncc,  cffc.cts,

‘1’lIc uncertainty in the ra(hat ion moclel  dcpc.nds on the cnviromncnt  in qmxtion and the mission
dcsi~n.  Uncertainties in the mission clcsign arc djfflcult  10 c]uantify. ‘J’k parameters involve.ci here.
include the trajectory (hclioccntric  distance, mission length, altitude, inclination, etc. ) and launct]
datC. l’hc. unccrtaint y in the radiation environment dcpcncls on the eIIViJ’OnlllCnt 111 C]umt ioJ1. As an
cxamJJ]c, prediction of proton ftucnccs  from So]ar flares iS trCatCd ~lrc)t~a~lilistical]y  aJld the,
discrepancy bctwcc.n predictions for the 10 Mc.V fti]cnce bc.twe.cn  two different solar flare mode.ls I
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is a factor of 2 (at the 9S% confidence lCVCI) (l<cf.  1). Similarly, the unccrlaintics  in the Jovian
t r a p p e d  clcctmn  cnvironmnt  and the 1 ;arlh’s trap]mrl radiation proton  moclcl A]% arc 1
cs[ i rnatcd  to bc a factor of 2.

a so
‘ ‘J”hc unccllfiint ics result ing from (1)c usc of different ra(iiation

transport COCICS  and different spacecraft mass mocicls arc .gcncrally Icss than a factor of 2 (Ref. 1).

l’ypica]ly,  OJIGC the mission cicsign  is confirmed, (he “1’]lJ  as a fLlnction  of shic]ding  thickness
(ciosc-depth data) are generated for a simplified gconm(ric mass mode],  such as the sphcrica] shell
moclc.1.  Iiigurc 1 is aJl example of a flight mission at 1 AIJ from the sun during the solar max
pcrio(i.  It is stanciarct  practice to apply the (iose-(jcpth  curve at 95% confi(icmcc  kwcl for the flight
asscn]b]y  (unit) design. ‘l’his radiation dose curve can bc used to obtain conservative “first-look”
shicldc(i  ciose  values without hardware configuration modeling. These. ciosc plots shoulci  only lx
uscci’  to obtain (iose value by using the minimum shicl(i  thickness applicable to a given har(iwaw
location. Since these plots do not represent flight hardware configurations, they shou](i be LJscci
for design assessment oniy if they arc applied in a conservative manner (minimum shic]ci  thickness
u smi). ]f the conccmeci part cioc.s  not rne~t the RDh4 of 2 rcquircmcnt  basc(i on this ccmscrvativc
‘HI) ]CVC], a three dimnsionai  mass model sinlu]atin~  the fright asscmb]y (unit) is then constructcci
for the radiation transport code. The rcsuhing “1’JJ~  ICVC1 wjli be lower than the “1’111 (iata from the
sphcricai  shell model and thcrcforc  the conccrnc,d parl is more.  likely to meet the RDM rcquiremc~lt.
} lowever,  when the. part/conqloncnt  package has to bc inclu(icri  in the ~1) mass nmcic]  or a sImt
shit.]~i has to bc adctcd,  the RDM is incrcasc(i  from 2 to 3 as explained earlier. ‘J’hc more cxtcnsivc
rticii:tt  ionkhieiding calculations tc.n(i  to be a cost driver, but it rclicvc.s  the shielding rc.quirc~i~cnt  an(i
therefore saves  more mass.

}<adi{i!ior~/s}liclding  analysis is relatively cheap comparc(i  to spot shielding dcsigt~/ill~j)le]  ~~cl~tatiI]~l
or part radiation hardness tests. It takes several days to ana]yz.c ‘1’IIJ with a simplified lnass mocicl,
such as a box, or several weeks to gcncratc more accumtc  TID results with a mcm realistic mass
nlocicl to simulate the flight assembly (unit). “J’hc. rcsultilig,  lower ‘1’1 1 J level rectuccs t}m
unnecessary shic]ding  mass and relieves the part har(incss tc.st rigidity.
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I ‘ailurc mode smsitivitics  and cost tradccrffs  for the radiation (icsi~n  margin (1{] lh4) rcq~]ircmcnt arc
illustrated in Tab]c 2.
—— .—

“l’able 2. ‘=~1’armmtcr  Scns;[ivitv  ancl ~:ost Scnsitivitv
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4. Minimum Operating Time Rcauiremcnt

1 . 0  Objcctivcs

llc ot>jcct  ives of operating assemblies or subsystems for a minimum period of
c@cs am to verify their operation in accordance with the design rc.quirc.mcnts

time or number of
and to ensure that

[fit l~~al~~lfactLlling-workrl~~r~s}~ij>  or integration processes have not compromised their reliability. II
also vcriflcs  the appropriateness of the design fo~ the mission, based  on the anticipated failure
modes.

2.0 T y p i c a l  Rcquimncnts

opcrationalh ours (for electronics) or tl~cr~L1l~~bcr of Illcc}lat~ical  cycles (for ]~cric)clic  c)lcorltit)tll>tls
cycling, mechanical units) should  be sufficient to demonstrate operation cicspitc  of clc.sign,
workmanship orintcgration  problems.

Mil~illl~ll~l  ()]~cratil~g til~lcrcqLfirclllcllts,  ass]>ccificd  iIl Jl'I.-11-8966,  fordiffc1`erlt spacccraf( classes
arc:

l,OOOhoursfor  C3ass Aspacccraft
SOOhoursfor~lass  II spacecraft
200 hours for Classes C and D spacecraft

Mechanical cycling is 1.5 times the mission-required cycles

lmiustry requirements forelcctronic  burn-in vary from 100 to 2,000 hours. in most cases, the
avaihddc  sJwcifications  for operational hour/cycle rcquircmcnts  [io not provi(ie the rationaie  or
met hociology  for their cictcrminat  ion.

2.1 R a t i o n a l e

q’l~co]>cratioI)aid Llratiol~allcl  powcre.yclingof clce.tronics,  or thcnumbcrof cyclcsof mechanical
cycling (icviccs  serve. to uncover clcctricalhncchanicai  infmt mortality or ]atcnt (icfccts, thus
assuring spacecraft rcliabilit  y. ‘1’hcy also provide. information on intcgrit  y, as we] 1 as opcra(ional  c)r
ml iabi]it y cxpcc(ancy  of the equiJmlcnt  being tested, 1 Xring the testing, some or ali of tt le. cxpccte(i
st resscs arc appiicci to the equipment. l)cpcnciing  on the fai Iurc mocics  cxpccteci  fc)r the applicci
stresses an(i their ciurati(m,  fi~ilurcs of weak components or assemblies will appear on a ccr[ain time
scaie. As incticatc(i  in Rcfcrcnce  1, time (icpcnctcnl  failure nmkini  sms can be important for a
significant number of hardware elements.

2,1.1 Fai lure  Modes

} ;xamp]es of til~~c-(ic.]>c~~dcllt  deficiencies and cicfccts  arc sLmlmarized  below:

1. l)csign  deficiencies, sLlch as:

a. 1 ilcctricai  or mechanical component, or mccllanieal  assembly wcaroLlt caLlscci by cxccssi\’c
stresses, poor tolcrancing,  or workmanshii~.

b. l“Ue.ctrical  or mc.chanicai  over-stress of components caLlsing harci failures.
c. Thermal design deficiency causing component parametric drift ancl an increase  h inhcmnt

failure rate.
d. ] .OSS or inadequate lubrication of mechanical cyciing  devices.

z. Workmanship Cicfe.cts,  sLIch as:
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a. }’001 solctcr joints  (also tcIllJJcratLlrc/cycle dcpcnckmcc).
b. llamagc(i component hermetic encapsulation.
c. lnadcquatc welding of pyro-activated dcvicc,s  (such as bellows) causing leaks and failLlrc  to

actuate.

3. Software problems, such as:

a, 1 irrors that can only be identified when the Lodes  in question arc cxc.cutcd, This may take a
long period of time.

‘1’bc .lI’]- ]’rob]cm l;ai]ure  Rcporling,  1’] ‘R, clatabasc was scarchcd  for fi~ilurc.  modes  found ill tcs[s
and the test opcrat  ional  time and/or operational cycle duration. 1 ixamplcs of some of the failure
modes arc tabulated below:
.——. —

Bxaml)lc$.. of_l’’ai!mw:s
——

l)csicn  (c.lectrical)

l;Llnctional  anomalies
OLlt of spcc operation
Dc.tcctable  over-stress
Jilcctronic  instabilities
}’aramctcr variation
SJlcak circuits
Shor[ing  to groun(i
Opcn circuits
]nadcquatc  interfaces
Clacked  lWB traces
—  .—

l)e.sign (mcctfinicti])  -

.—— .-

I’oor solder joints
C)vcrhcating
Material interference (dissimilar

materials)

.- ——. —— —

Workmanship)  ‘—

l’oor solder joints
1 ,OW or high torc]uc on

fas[cncrs
Clacks in component

cncapsulat ion

1 iach fiiilurc mode {w~icallv  has a different time dct~cndcncv that rcc]uircs  individLlal  consideration.
I ‘or some failure n_6dcs, “operational dLlration/cyi]c rcc]u;remcnts  ‘may be statistical y estimated
from a know] cctgc of the detailed mechanisms of specific failure modes. 1 (or other time- or cycle-
scnsit ivc failure modes, they may bc dctcrmincd  throLlgh  fi~ct orial  dcsi~n or estimated from a
database search. For many OF the failure moclcs,  the Ininil;wm operating til~m based on this factorial
design has been determined and they can bc. found in the. literature.

2,.1.2 S u p p o r t i n g  l)aia and ltccollllllellclatio]ls

‘1’hc J]’]. PF’R database was scarchccl to determine the t ypcs of fl~ilLwcs  and failLwc  modes rccordcd
during opcrationa]  time or cycling dLlration  tests. An abstract of some of the P];]< data is shown in
“1’able I.

‘]’hc .TP1, flight anomalies database was examined to establish ttlcir  time. or cycle dcpcnclcmce.  1’or
the latter, some orbiter S/(: data from GSFC~ were also I cvicwe.d,  together with the J}’],
interplanetary S/~  clatabasc.  ‘1’hc reason for itlclLldillg  both orbiters and interplanetary S/(~ is that
the. Ncw Mi]lcnniLml  is a series of S/~  which will bc dcsip,ncd WIC] nlanLlfidctLu’cd  mc)rc like
co]nl ncrcial orbiters than traditional JP1. intcrl)lanctary  S/(1. I Xitti  from some orbiters SI1OW flight
failLlrcs that arc direct] y related to the operating time or operational cycle dLlration,  possibly
indicating an inadequacy of lcsting.
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‘J’ab]c ]. Ground  Test Anomalies Related to Opcrtiticrnal  ‘1’imc ant]/or (:ycling for l~~tcl’~~l:irlct:tr~’ an(i
Orbitcr S/~.

F77’ 1’NR # IJcscription Natorc  of  I’est comment —

— — .—
Tikinf;, 30716 1’OWCI cvcats  meter for ‘1’MU-a  failed l’owcr  CJcling l’owe] morlitm  cilaweT

cyclinp prohlcm
— —

Voyager 36144 Scope. clisplay not calibra(cd al scrccn top Opcrating  ‘1’inlc }iounddcfcctivc  —

mcilloscopc
— . —
Voyagw.r 37221 Chain A #03 signals inconcct  flc.qucncy S/W 1 in or S h o w n  ;’}m this —

width Code Cxcc awl
— —  .—
Voyag,cr 40330 llrratic lin~it  cycling in [>IIJ burn n~odc S/W } irl 0] Stl(~vllv’l]cllt}lis  —

Code Cxccuml. —
Voyager 40724 Shunt radiator sinlulalor  relay cyclinf!

.
Cycling

Voya~:cr 1055S’1 I’r(>pvalvc lcakcdaflcl  Imtcycling.
—

Cvclin~

Acoustic 40529 1,&R sample handler rctrac(ion tilnc O[m:itillg time or Wc.arou(, mcchanic;lfl
increa.wd cycling— —  .—

A3’MOS 31744 No flight vih. isolator hclicoi] lock
——-—

[)pcrating lim Wcarout, faskmcrs

capability. —
A1’MOS 51054 IR detector could not bc cooled down to

—
[)pcrating tim

its normal temp.- —
Illi’1’scli Z10249 Valve switch drive circuit failure

—
I’owcI  Switching
onlof f— —

Cassini 59729 S/W tmor in hot and CO](I tcn~pcrakrre }ixcculion time S/W crl or-s s}mLIld n=

bc dcpcndcnt  on
Ic]llpclaturc

—
Gali]co 54308 1,cct air conditioning faiicd/CI)S-Sli

—
Opcralinp,  time

ovcrhe*te41— —
(ialilc.o l’P}; failcdtoachicvc l.S[~J~r~]clcw’p(]int

—..——
54570 Opcrating lirnc NCW filters ins[alled-

Spcc.- —
Galiico 41308 S-hand cmnman(i  switcil sticks in SIC }11 Opcrating,  I’imc Swi[chwcalou[  —

posilion— —
Microwave 58099 The antenna is nol forward skppinp Operating Wcarout; l’light ‘“
limb l’imc/Cycling I:ailurc. Motcw
Sounder—  .— ,_!E!!.m?
lJASA z1o100 Configuration: dss b, 1’W’I’A #2 sclectccl; })owcr c ycl ing,

—

Scattcromckr rcceivc-only  mock— —
l’iomm 100723 }’rcamp  outpul lowr on turn-on, inclcasc.s

—.—
[)pc]atillp til]]c Woll]d 110[ bC fOUlld

as a function of thcopc.rating time. Wit!lolll tc.st.

(contaminat ion f o u n d——.——
S]]{-(: 56172 (asscttc tape loa(iing problem lccl to I’ower  cycling

power supply failure. Cycling }mwc.r
onk)ffcause.d  thcl’S  fi~ilurc—.—

I’i]m 1316 Gunn oscillator SW rcg,ulator I’TVR O]mraling time ISvshollc(l lothe —

Supply failed pound—.—. —
W]ql(: 494~() A latch plate damaged by collar orl the

—.——
OIJctaling, tinlc Reworked; Gallc41

si]aft surface nltichincd,
h:isc clc.ancd, surface

—!
rc-1 uhcd. —

No dc.fir]itivcc ol~clLlsio~~sc  oLll[ib  cl~~acica l~o~ltt  }~c.a~~]~rcJ]~1iatc  test or cycling (iuration  from lhc
]mxcnt J]’]. I’FR IJatabasc, as the test time. for the fi~iiurcs  is not routinely recor(icci. Witil
cooperation from projects, cffmls are. underway to cmsurc tilis information is always enterccl  in the
(i at abase.
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“]’l~co]>crational  til~)cinto  ilig}ltcanbc. obtained from  the flight data, IIut, these data do not assure
kl]O\V]CdgC  OfllOW]OI)g apartiCLl]:lr  aSSCJllb]y  (tlllit)  }laSiJCCJl  ]) CJl$rC1C(] on ort}lcrltlrllt~cr ofcyc]cs
accumulalcci  on a particular switch since. they do not include ground test information. ]Iowcvcr,
this information can bc obtained from ground Icsting records or from test personnel. ‘1’ahlc 1 I
shows cxanm]cs  of fli~ht anomalies relate.ci to the operating, time or cycling of orbiters and an
interl)lanetar~  S/C (Voj&cr).

‘1’ab]c 11.1 ixanm]cs of Flight  Anomalies Related to the Opcrating  ‘1’imc or cycling  of (Irbitcrs and
an 1 nte;planctary  WC (Voyager).

.—
I’m
No.

K7YEW

~m.

mxmw

~-..

~&

.—. —..

-—SIC

AP——

mY---

Ltws

V6jRji7

——— .

mv---
syslcni

Sm3iml

Kmn)a
— .

Ray
Spectro-
meter

~
Sensor

Sr.m
Sensors

liF
Sub
system

——
ASSCIII,
Wart

5Jr
Array
Ar-BOP

mE-
tronics

——

mER
{FRM
SS2)

——

——.

Wing-B outer panel
telemetry displays >
WY. deployment
Should show lock
position as nominal.
~wi;$:;j;~~me
unc

period of atwf 6
months.)
COmrnent: no effect on
COBE mission.
Gam shift rxcurred m
lunar orbkkci data ok.

Sun sensor beta=
electronics cl lange,3

%’::;%%%!

Incorrect alpha angles
from sun sensor #2.
Eight Isb telenmtr

!bits are inverted. he
ninth bit is incorrect.

%-band HGA dnve
dropped 5 dn analysis
of trrmd data,
indicating antenna
drive had been
decreasing and
becoming”increasingl)
noisy since day 289
(1977). This
confmred  problem in
tl le S-band SSA in S/C

tzm

=switch did not
fully close (make
contact). 1 he
microswitch TLM
suddenly indicated
a “IcxW condition.

UiliYcallses

mzmm————
unknown Suspect
degradation of
LM108 in
processing
electronics of orlo of
four {me bit
channels.

qimmami—
sensc]r ti2 was
wired incorrectly.

r
hat is, harness

rom sun sensor #2
to tile electronics
box was mis-wired
two wires

of~t]e transistor -
MSC 3005.
Detailed defect of
ttle transistor
remained unknown
- probably wearout
phenomena

Action

None possttr[o -
potentiometer
Ielemetry shows
deployment to bc
100%

Traced to aging
characteristic of
sensor. Pre.aged
sensors
w/sindated
space
environment.

Deta readout
continues to
degrade witt]
time. Use alpha
infon nation only
in producing
etti tude
information.
Definite atlitude
not affectec.
~hght dynarnlcs
(COdC 581)
changed tt mir
grrxmd
calibrations to
fully correct for
this error in the
spacecraft.

None.

Rccolll[!]crlclatiorls

Always provide
backup device to
microswitch.

A
(f$jht  spare unit) i:

AGRS SN 00

same manner as SiN
004 (Apollo 16 fli M
unit). Verify GR.!
calibration validity of
each flight unit
subseq uent to aging..—

Fllght dynarmcs
(cede 581 ) changed
tl]eir ground
calibrations to fully
correct for this error
in tt Ie spacecraft.
Action to be taken on
follow-up: none.

N6iizmami––’
was.
Comments: for futur(
flights the MSC 3005
should be replacwf
with transistors
having barrier metal
and go tfrrough an
extended bun}-in.
Performance was
normal in the low
power mcde on bottI
nliflers

.— .
I rs
o

“1a l—.
(

—.~,

m

—-
7

~g

.—. .

From this table. it is amarcmt that some. cksim  fdilures (wcarout  is consiclcrect  as a ctcsign  fidilure. in
this discussion) ciuri;b flight could have,  ‘“been prevented by appropriate testing ‘and (ic.si gn
inqwovement.  q’est  acccle.ration  may bc a feasible solution to mitigate flight fi~ilurcs occurring, late.
in flight for long missions.
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2.1.3 Calculation of Total Minimum Operating ‘J’ime

‘MC minimum operating time is determined based cm the Duane graphical reliability growth model
tluit  has becJ~ used in indLlstry  for over a decade. l’hc relationship bctwccn  the initial and final mean
time between failures (MTB1”;’s)  is given below:

[ 1

0,, 1 t, o—.=— .—
(30 l-a /0

W]lcre:
0[, = achieved final MTJ3F
00= initial MTBIi
tl, = operational test cJLwation
to= initial test time (short bLml-in time to correct for workmanship flaws)
cx = growth rate

During operational testing, a S/~ is considered a repairable system, thLls  the reciprocal of its final
MTBl~  is its failure rate at the beginning of flight. Since the initial and final M’1’131  i vary
exponentially with the growth rate, small variations in the growth rate result in significant changes
in the achieved final M“JBF or the operational test time (iuration.

‘1’cst durations, shown in Table  111, arc calcLl]ated  with the following assLm~ptions:

1,

2.
?. .
4.

5
k:

7.

8.

‘1’hc sLlbsystcnls or a combination of them have been fLmctionally  tested prior to S/~
integration.

All test times are additive.
‘l’he design  and construction of interplanetary S/~ arc similar tc) l;ar[h orbiters.
The test fai]urc correction LISCS an aggressive, indLlstry-rcconmlcnclcd  average reliability
growth rate of a = 0.6. l~or further cost savings, a more aggressive fi~ilLlrc  investigation and
corrccticm  process may be introclLlccd  to achieve. a higher reliability growth rate of u = 0.65,

‘1’est failLwc modes include clesign, workmanship, and random failLlrcs.
Scored test failures are critical at the sLlbsystcnl  level and one fi~ilure is fatal. All fi~ilurcs are
assLInmcl independent. 1 ]owevcr, in the case of critical, (lcpcr)dcI~t/i[lcillcc(l failLlrcs,  onl y the
first, original failLm  is scorecl.

‘J’hc failure rate at laLmch  is assumed to be 10 times the dcsirccl  mission failure rate, as per
widely-accepted indLlstry rule for newly-developed or new] y-prod ucccl items.
Mission dLwation  dots not have any infJLlcncc on test dLwation.  ‘1’hc S/~ arc clcsigncd and
constructed as per mission dLlration rcqLlircnlcnts.

25



“l’able  111. Opcraticmal  I’est Duration, ~alculatcd for Average Rcliabi]ity  Growth Rates of (x = 0.6
(currently attainable with existing JP1. failLlrc Investigation  and concurrent cngince.rjng
practices) and cx = 0.65 (Rcccm~nlcndcci  for Faster Better Cheaper Missions).

.—!

ltcm F’ailurc  “1’ypc Calculatcc]  ‘1’cst Calculated “lest  -

Ihration,  (x = ().6 IMration, cx = 0.65
(hours) (hours)

‘ystcms, a group  of llcsig,n 500 350 -

subsystems, or a single Workmanship (SCC Note 2) (SCC Note 2)
strin~ S/~. Random (see Note ] ).—
lntcfyatec] system (assumcct Workmanship 2?00 770 ‘-
jntcp,ration completed after (SCC Note 3) (SCC Note 3)
subsystem testing. Design

Worst case 700 520 -

‘1’otal Test Time (SCC Note 4) (see Note 4) _—..
Normal

———
500 350

(SCC Note 5) (SCC Note 6) _

Note. 1. Reduced random fi~ilures assume system inq~rovcmcnt  (i. c.. a better quality or higher rated
component, design  jnlprovcmcnt,  fault protection, etc.). Replacement of the failed
conmoncnt  does not guarantee elimination of a futLwc faihlrc of the same component.

Note 2. Test’ times can be ac~umulatcd  during varjous  cl~ginccring evaluation or cnvj~onnmntal
tests.

Note 3. Adctit  ional test ti~ncs  at the integrated systcm level arc nccdcd to scrccn for workmanship
or design (compatibility) defects that may bc introctLjccxl  dLwing integration or as a Icsult of
subsystem jntcraction.

Note 4. ‘1’his is a case in which all tests are conducted seqLlcntially.
Note 5. Normally, 300 hours at the. subsystem lCVCI and 200 hours at the intcgratcct  system lCVC1,

giving the require.d total of 500 hours.
Note 6. Normally, 180 hours at the subsystem level and 170 hours at the intcgratccl  system level,

giving the required total of 350 hours.

The number of test cycks  of mechanical devices depends on whether they have previously been
t c.stcd. Mechanical devices, in most cases, are. also subject to ncmnal  wcarout. Tl)crcforc, the
number of test cycles depends on the desired mission rcllabil ity. If the average number of wcarout
desired is 4 (normal]y  the case with mechanical cycling devices), then the number of test cycles
should bc 1.7 times the requirccl mission cycles. }lowcvcr,  for I~aslcr l)cttcr Cheaper hflissions i[ is
rccommcmdcd that 1.5 tilnes  the required mission cycles bc used, resulting in an incrcascd  average
number of wcarout of between 5 and 6,

Software operation cannot be separated casil y from lhc hardware’s and its reliability must also be
tatmn in c&sidcrat  ion. ‘] ‘he software ShOLl]d be tcstcc] with a test comprcssi on” factor ancl
rcliabil  it y determined with a test dLlrat ion cle.tcrmincd basccl on the rcc]uircd or dcsirccl  rc]iabilit  y.

3 . 0  T r a d e o f f s

Systcm operation time is both a cost and schcdu]c  driver. Opcration time may bc rcduceci

its

to
I

pk]ong  tl~c useful ]ifc of clcviccs that are subj:ct  to wcarout,  if cjT1ing t imc has b~cn accumu]atcd.
At JPI.,  the n~inin~Lm~  operating time for an mtegratcci  system may be rcdLlcccl  if operating, tilncs
have been accumulated on individLlal  assemblies. operating times at the assembly (unit) level may
be sufficient to disclose failure modes, sLlch as poor solder joints, out clf spcc operation, parameter
variation, materials interference, PCB defects, etc. 3 ‘hc accumulated test t imcs on asse.mblic.s  Lmdcr



various test conditions (environmental or cnginccring  evaluations) can considerably reclucc  the
minimum operating time required for the integrated S/~  syst cm, and stil  1 provide reasonable
verification of SK integrity, robustness, and cxpcctccl mission reliability.

};ailurc  mode sensitivities and cost tradeoffs for the minimum operating ~inlc and minimum
opcrat i ng c yclcs requirements arc il lustratcd in l’able. 1 V. Il]rin~  minimum t imc opcrat ion it is also
in)portant  to cxcrcisc  all potential combinations of cwcratirm modes of the harclware  at lc.ast  once to
ici~ntify mission critical l;lodcs.

. -.

‘1’ab]c IV. ~ontrol Parameter Scnsitivi[y  and cost Sensitivity.

“Tr17ZEi”
-qRiiii-- 1 )uration ‘-
‘~’inw.—.—

1 ilcctrical  -

stress (1’3).—. —
‘1 ‘henna] -

stress (TS)-—— .—
Mechanical -

stress (MS). —

-–-”—-t-----

‘Uing Duration
cycles

Iilcctrical
stress (1{S). —
Thermal
stress (“1’S). —
Mechanical
stress (MS)..—-— -----

Failure Mode.s I Scnsitivitv  to lncmascd

I:unct. anomaly
m

Out of spcc.  operation + 4 + o

Elect-wear I-*T

Shorls j-*-*

Poor solcler  joints + +- 4 -1
l’aramctcr  variation +- + + (1
open  circLlits + i- -t +
(lacks 4 0 -i +-
Poor bonding -t -1 -t -1
Poor intc.rfaccs -—+ + - () +
Craclccci  CB traces ‘ - t o + -t

IJcformation —-----1-mt+~

------+-+-++-

mr----pvp---vp-p
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1.0  objec t ives

The Systemll~vel  Fault Trec(SJTi’) pictorially cicpicts  thosefailuremocics  that result in mission
fi~ilure.  ll~additioll,t}~cSP~’  identifies single point failures (S1’l;s)  and clcl~icts  l]~itigati~~g  desigIl
fctitLlrcs tllatarc  il~~p]cn~clltc.{i.  7'hc S~'atlalyzesa  rl(l(locul]lcntst }~csigtlificaIlt  high-lcvc] system
fLlllcliona]  fidi]Llre lllodes t]latarci lll])CJrlalltt  ovariC)lls phases of the mission. ‘J’hc Sl~l’ provides a
seamless link between the system level functional failure modes and the failure modes identified in
the subsystem I;ailure Modes, Effects and (liticality Analyses (I;MIKAs).

2.0 Typical Rcquircmcnts

l>cvclop  a spacecraft level fault tree for each of the mission phases (i.e., launch, crLlisc,  orbit
insertion, tour, etc.). Depict the spacecraft and grounci system fLmctional failure mocles for those
phases. Guidelines for performing l;aul[ Tree Analysis (FI’A) arc. provided in J}’l. 11-5703 (Ref.
1). The SIT is supported by the subsystem level FME~As.

The S1’”1’ approach provides a systematic, logic based, graphical approach to analyze and
document the major  failure modes that can lead to loss of the mission, The S1+”1’ displays the
logical relationship between the system level failure modes anti the lower level events that lead to
these fi~ilure  modes. This representation provides the dcvclopmcnt  team, from the manager to the
working level engineer, with a view of significant threats to t})c mission. II also offers the team
and its re.view board a chance to add fi~i]urc  modes not yet included in the model. I’his improves
the chancre of including a complete set of fi~ilurc  modes. 311c guidelines in JPI,  D-5703 arc
provided to promote uniformity of analysis methods within and across various projects. ‘I”his
approach is bcneficia] for both the preparer and the. independent reviewer,

2.1.1 R e l e v a n t  Failure Modes

The SJT can be used to represent all possible failure mode, but its prescncc  or abscncc  C1OCS  not
avoid or cause any one spcciflc fi~ilurc  mode. l’hc SF”]’ is, however, especially useful in
identifying inter~dcc  problems between two or more hardware clcmcnts  when onc clement has ii
failure and another is required to perform some function to mi(igatc the effects of the failure, }~or
example, consider a design where there is no autonomous fmdt protection that deals wit]) a
pmlicular fzzilurc. in this case the plan is to have ground support respond to the Pailurc with some
mitigating action. If the required response time is significantly shorter than the. mission two-v’ay
light time, the ground system action WOUICI  bc of no use. ‘1’his type of sitLlation  could, an(i has
been found and corrected.

2.2 M e t h o d s

‘]’hc SIT should be developed in the early design phases, an(i progrcssivc]y  refine(i  and upciatmi as
the. clcsign  evolves. The initial SIW will gcneraiiy represent high lCVCI  fLlnctionai  blocks (c. g.,
units, equipment, ctc, ), but later bccomc more definitive at lower levels as the design nmtLlres.  ‘l”hc
first step in (ievcloping  the SFJ’ is to cicvelop IMnctionai  Flow l~iagrams  (FFD) depicting aii the
functions required to acbicvc  the mission objective. ‘1’hc FFD depicts aii the ways t}]c top level
function is achicvcd.  l~or example, if there is block or functional rcciun(iancy within the spacecraft
the aiternate paths for providing the function arc depicted. once  the FFD is completed, the SI~’1’
can bc dcvclopcd. in the SFJ’, the top level  functional fi~ilLwe.  is inciicatcd  as WCII as aii the lower
ICVCI  events that can lead to the top level failure. Some ftailLlrc mocics rcclLlirc on] y one. of sevcra]
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events to lcaci to the upper level failure. in this casc, thc]owcr  lcvc] failure would  bc (ie.piclcci  as
inputs to an “or” gate under the upjlcr level failL]rc,  thus indicating that any one of these events
wou](i lead to the upper level failure. Other failure mocics rcquim  two or more events  to lcaci to the
uppc.r ]evc] fai]urc. III [his case the ]ower ]evc] events would bc depicled  as inputs to an “and” gate
under the upper failure, thus inciicaling  that ail of the events uncicr the “anti” gate are rcquircci  for
tk upper ICVCI failure to occur. As is done in the. Fl;l),  block  or functional redundancy is cicpictcd
in the SFI’. in JNost cases, various phases of the mission require sligiltly ciiffcrcnt lc)wer level
functions, so each phase may have a distinct SF]’. These  can bc consicicre(i as subtrccs of the
ovcrai] mission S171’. Guidelines for performing 171’A arc provicic(i  in JPI. D-5703  (Ref. 1).

3 .0  Tradeoffs

The project tradeoff for doing the SIT is based on the actLlal  cost of developing the SIT1’ mocicl
versus the reduction in cxpcctcd cost (in a probabilistic sense) associated with an unidentified
inflight  failure occurring. Spccificaliy,  the actLlal cost includes: cicvcloping  the functional flow
(iiagrms, the S~ models  and the associated design intcrfidcc  support. ‘1’hcse actual costs arc
comparcci  to the reduction in expected cost of an infiigbt  Pdilure. ‘J’hc latter cost is bascci  on several
fi~ctors  including: the reduction in the probability of an infiight faiiurc associated with an
unidentified failure mode., the fraction of the missmn  lost anti the monetary value of the lost
spacecraft/scicncc. A second project  tradeoff to consider when offsetting the cost of SII”J’ is the
avoided cost of rccicsign if SIT was not done, but a serious failure n~ocic was found late in the
ficvclopmcnt  cycle requiring design changes to prevent it from occLwrir~g.

3.1 l; ffectivencss  \7mmls  F a i l u r e  Modes

As mentioned in section 2.1.1, SF1’S do not avoid any specific fttilure mo(ic, but cio depict ami
facilitate an understanding of all known failure mocics  and interactions bctwccn  clcmcnts  of the
spacecraft. “l’he S1’-l” model development, if done rigorously, increases the chanec of launchin:,  a
spacecraft with no unidentified or inadequately mitigatc(i  failure rnocic.  It shoul(i be acknowlcdge(i
that neither SI’rl’ nor any other form of analysis can be guaranteed to i(icn(ify ali possible failure
modes. l]owcver,  SFJ’S are very effective tools for systematically analyzing, docLnncnting and
conm~Lmicating  information about fidilLwc mocies  an(i their mitigation on botil simple and complex
systems.

3 . 2  Smsitivities

SI~l” ])~cthods  arc straight forward, bLlt accurately rcprcscntirlg  a spacecraft (icsign rccluircs a
somewhat unique combination of System Mginccrirg  Software Engineering and the failure mode
analysis skills of a Reliability Engineer. If personnel possessing tl~c relevant skills are. assigned to ,
the task, very complex spacecraft, such as Cassini,  can be accurately represented at a cost of two to
three work years. otherwise, the cost cou]d be substantially higher and the resulting model could
be of much less vaiuc. In summary, the, most important parar ncte.rs  arc the S1 ‘1’ anai yst an(i the
dcsi[!,n information available to develop the model. other parameters that influence types of failure
mo(ics detected by the S}ITI’ and the cost of performing the S171’ are. i(icntified in “l’able 1.

I
I
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& Hlcc.tronic l ’ar t s_ .S tre s s  A]]alysis

1.0 Objcctivcs

~’hchighcst level objcctivc  is developing spacecraft which meet the reliability expectations of a
specific program. onc of the activities USCCI to assure high reliability of electronic circuits is
dcrating  of the circuit conlponm[s to reduce. their failure rates. Dcrating  provides the circuit
components with reduced failure rate and robustness , so if uncxpcctcc]  conditions (e.g. incrcascd
duty cyc]c, warmcrthan cxpcctcd operating tcmpcraturcs,  etc.) ctcvclop,  thccomponcnts will not
fail prcnlaturcly.The objective of reducing failure rates of electronic circuit components during
space. missions is achieved when the. lower ICVC1 objective  of validatil~g,  via Part Stress Analysis
(l’SA), that the design rncels the par[s dcrating  criteria is met.

2.0 Typical Requirements

Perform electrical circuit anal ysis on all electronic and clcctromcchanical  hardware to validate that
st rcss ICVCIs on circuit components comply with dcrat  ing rcq L1i rcmcnts,  uncler  worst case
conditions. ‘l’he electronic PSA is supported by a piece parl thc,rmal  analysis. Guidelines for
performing PSA arc provided in JP1. IJ-5703, (Ref. 1 ).

2.1 R a t i o n a l e

I ilcctronic circuit conlponcnts  are prone to early failure when ovcrstrcssccl, (i.e., exccssivc power
dissipa~ion,  high current, over voltage., high jmction tcmpcraturcs, etc.). (~onvcrsc]y, rcducecl
failure rates can bc achicvcd by reducing circmt component stress ICVCIS by design practices that
rcctucc stress lCVCIS.  Reducing circuit component stress lCVCIS  has bccomc WC]] de.vc]opccl  and is
called “Dcrating”. Electronic PSA verifies compliance with the dcrating rcquircmcnts. ‘J’hc
guiclclincs  in J]’]. 11-5703 arc provided to promote uniformity of analysis mcthocls used by various
hardware su}~p]iers, within and across various projects.

2.1.1 R e l e v a n t  l’ailurc  Moclcs

‘1’ypica]  relevant failure modes are:

1. Design, Parts, Parts Stress/SclcctionNJcar out/Aging.
2. Design, 1,ifc, Deterioration/Randon~ I:ailurc.

Note: Not inc]udcd  in this miniproduct  arc unacceptab]c  functional f~ilures  duc to component
degradation with agc and stress lCVCIS. l’hese fLmctional  Pdilurcs arc addressed in the circuit Worst
(;asc Analysis (W~A).

2.1.2 S u p p o r t i n g  I)ata

As il~dicatcd  it) Section 3.1, I’SA is villual]y  the only gate that validates that components in the
cIcctrical/electronic circuit comply wit h their dcrat ing requi rcmcnts. I’his is manifested by the lack
of J]’]. ground testing PFRs that arc related to ovcrstrcsscd compcmcnts. in addition, there arc no
kno\vn  inflight  failure on JP1, programs that were linked to component ovcrstrcss,  Only a fcw
grouncl testing problems have been linked to errors in the dcrating  validation as inc]icatcd  in the
‘1’able 1.

I
I
I
I
i
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2 . 2  Mc’.tho(ls

1 ilec(ronic  PSA uses electrical circuit analysis to verify that the circuits’ components comply with
the dcrating  reqLliren]cnts of Mil-Std-975, Appendix A, under all expcc[cd  operating conditions,
including short  term transients associated with oI~/off  switching, mocic changes, etc. 11) most
cases, the PSA (and the circuit Worst case Analysis) rcqLlirc a sLlpporting piccc part thcrlnal
analysis. To simplify the analysis and provide a conservative design, the PSA is done using worse
case assumptions. ‘] ’hcsc assLmlptions  include: 1 ) initial component variations, 2) environmental
cxtrcnms  p]LIs marg ins ,  espccia]ly  anlbicnt  tcnlpcratLucs, the thermal rise  to the component and
component internal thermal rise , 3) input variations plLIs margins, inclLding  voltages, currents,
frequency, and dLlty cycle, and 4) outputs,  includinr,  variations in load impedance. (iLlidc]incs for
performing PSA arc documented in JP1. 1)-5703. It should be noted that PSA does not address
protecting, circuit comporwnts  from the transient effects of Elcctrostat ic I~ischargc  (ES1)).

3.0 T r a d e o f f s

Since most stress related early failLlres arc not detectable in the normal  grouncl testing program, the,
I’SA tradeoff cvalLTation considers the cost of performing the analysis versLls a redLlction in
cxpcctccl  cost (in a probabilistic sense) of a prcmatLwc fi~ihwc during the mission by avoiding
ovcrstrcsscci circuit component parts. Specifically, the actLlal cost of providing the PSA is
conqmrcd  to the change in expcctcd  cost of an prcn]atLwc inflight  fi~ilLwc. ‘l’he latter is based on the
change in the probability y of premature in flight fi~i lure, the fraction of the mission lost and the
monetary Va]UC of the ]Ost SpaCCCraft science. Another issLTc  to consider when offsetting the cost of
the PSA is the avoided cost of redesign that might bc rcquirecl if ovcrstressed circLlit  components
arc discovered late in the development cycle.

3.1 Ilffcctivmc,ss  V e r s u s  l(ailurc nfO(]es

I’SA is very effective in avoiding over-stress in electronic circLlit  components and the associated
prclnature  failures dLlring the mission. In fact, the I’SA is virtLlally the, only gate that validates the
des igner ’ s  nomina l  c i r cu i t  des ign  compl ies  with the dcridting rcqLlircnlcnt dLlring adverse
conditions. Stated another way, there arc no other activities, including tests which validate that
circLlit components meet their dcrating  rcqLlircnmlts. ~onscqLlcntly  there is no way of verifying
that the circuits components will sLwvivc for the dLlratiOIl of the mission. Accclcratcd testing at
clcvatcd temperatures could be used to identify the “weak link’> in the circLlit components, but this
approach CIOCS not directly reveal information about the other circLlit components, so it has not been
Llscd extcnsivc]y.

3.2 S e n s i t i v i t i e s

“1’hc sensitivity of prcnlatLlrc  mission fidilLlrcs  to “doinghmt  doing” PSA is potentially significant,
unless the original circLlit  design inc]Lldcs  the validation that circLlit  components meet their clcrating
rcqLlircnlcnts LIIldCr  eqLliva]cnt PSA condi t ions . ‘1’here is a monetary cost associated with
expanding the basic circLlit  analysis to iTIC]LldC  the, clcrating  validation, bLTt that cost shoLdd be less
than a separate PSA performed by a different analyst. ~’able 1 I identifies PSA parameters and their
infl LTcncc  on fi~ilurc  modes detection and the cost of performing }’SA.
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7. lJnit I.cvd Tmn]mraturc  D e s i g n  R e q u i r e m e n t

1 . 0  Ob,jc.ctivcs

IXxign  rcquircmcnts are usecl to ensure that the hardware is dcsigncrt,  built, and tested to be
compatible with the spacecraft, as well as with other hardware. ‘J’empcraturc design rcquircmcnts
arc U S C(I to c.nsure that the asscmb]y  (unit) will opc.rate as intcn(lecl over the range of m i s s i o n
cnvircmmcnts  seen dLlring its life, including assembly, test, and launch  operations.

1 )csip,n rcquircmcnts usually include margin beyond the intended use environment. ‘J’hcsc margins
arc USCC1 to account for any differences between the ground  activities and the mission environment.
They are also intended to provide a buffer for variations in the intcnclcd  application, inherent
uncertainties in the predicted mission temperatures, and to provide for testability at higher levels of
integration.

3’hc temperature design requirements need to be compatible with the thcrmat  test requirements,
since the thermal tests are a criticat part of the overall reliability demonstration for an assembly
(unit ). A typical set of temperature design  requirements has the widest temperature ranges at the
assembly (unit) level, with graduatly  narrowing range for the subsystem, anct finally system levels.
‘1’his ensures that the assemblies are robust enough  for their application, and that their capabilities
arc W C]] outsiclc what they will be sublcctcd  to on the spacecraft. This not only increases
conficicncc  in the reliability of the assembly (unit), but it also results in available flexibility in
mission operations if the available margin is known.

2 ( . 0  Typica]  Rcquirernents

The typical tcnlpcratLwc  design requirements consist of the. following components: 1 ) operating
tcmpcraturc  rmgc;  2) non-opcrat  ing tempcrat ure range;  ancl somct i mcs: 3) survi va] tcmpcrat urc
ra]~ge,;  and 4) in-spcc opcrat  ion tempcrat  ure range.

‘1’hesc parameters acldrcss the needs and uniqueness of each assembly (unit) ancl mission. ‘1’he
temperature design requirements must be coordinated with the thermal test requirements for the
assembly. ‘1’hc design  recprircrncnts  must, at minimum, encompass the expcctccl  test tcmpcratulcs
(which, in turn, encompass all the tcmpcramrcs seen throughout the life of an assembly).

Ojmating  Temperature Range
~’hc operating tcmpc.raturc  range. is the range over which the assembly (unit) must operate and meet
the applicable fLmctional  requirements. This range is typically -20 to 75 ‘~ or greater, and
proviclcs  compatibility with the thermal test requirements for the assembly (unit), anti minimizes
problems when testing at higher levels  of assembly.

Non-omrating  ‘1’el~~~}crat~lredla.ljgc
“1’hc non-operating range is often the same as the operating tc.nq>cratLu-c  range above. 1 )owevcr, it
can be. used to define ‘survival extremes’ (see below). If the operating temperature range
encompasses all operating and non-operating scenarios for the assembly (unit), the non-op range is
not used. If the assembly (unit) is expected to be powcrccl off for some conclitions,  then a non-
operating range can be defined which is wider than the operating temperature range. I’hc assembly
is clcsigned to turn on safc]y at the tXK3nlCS of the non-operating tClllpCratUrC range, aIl(i rctllrn  to
in-spcc. funct  ionat performance as the temperatures return to the opcrat  ing range. “1’his allows for
S/~ safing modes, loss of attitude control, ancl other moclcs  in which the assembly (unit) is not
required to operate within specified functional rcquircmcnls. This rcc]Llircnlcnt is mission specific.
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Survival  “J’cmpcrature  Range
A survival temperature range is occasionally spccificcl. q-his  is usually defined as an cxtrcnlc
tcmpcraturc that the asscmb]y  (unit) can be exposed to, yet turn on and operate without dcgr:idation
aftm returning to a more benign state. Survival te.nq~crtitLut  rcquircmcnts  mostly affect the rupt Llrc,
or hysteresis failure modes, encompassing mechanical, packaging, and tolerances within an
asscjnb]y  (unit). l~luid  filled devices, or other devices relying on scaling must retain their integrity
in sLIch  a condition. Survival tcnq>cratLuc requircn~cnls  arc mission specific.

].~xxification  opera t ing  Tmpcraturtialux
In designing assemblies for space use, certain technologies exhibit temperature dcpc.ndcnce  t}-rat
make it prohibitive to expect compliance with all fLmctional specifications over a wide tcnq>cr:itL~rc
range. Typical of these are RF systems, optics, and some mechanisms. In order to accommociatc
this, these types of assemblies arc usually devoted special resources in the sys(cm design  to
maintain them within a tighter tempcratLue range than other subsystems. ~orrcspondingly,  the
tcmpcraturc  clcsign requirements can specify a narrower range in which in-specification operation
is required. The performance is allowed to degrade outside this narrower range. This performance
degradation, however, is expcctcd to be predictable and repeatable, returning to a stable, in-spcc
functional state as the telnpcratLwc returns to the spccificd range. ‘1’his requirement is usually an
addendLm~ to the operating temperature requiremc.nt, and it varies on a case by case basis.
I lowevcr, typical in-spec  temperature ranges have been 5 to 55 c)~ for some rcccnt  projects.

2.1 R a t i o n a l e

‘1’cIllpcratLlrc affects most mechanical anti electrical designs dLle to material property dcpcnclcncics
on tcmpcraturc, temperature indLlccd tolerance changes, and tcmpcratLuc effects on clcclronic
dcvicc paraIllCtCrS.  These effects nlLlst be accoLlntecl  for in Ihc design of strLlctLlrcs, nlcchanisnls,
and circuits in order for the design to function as intended when exposed [o the various tcmpcrat[lrc
regimes sect] thrOLlghOLlt  the ]ifc  of an assemb]y  (Llnit).

2.1 .1  Relevant  Failure Modes

Sonic tcnlpcrature  indLlcc.d effects on assemblies arc listecl by type:

Structures (both macro and mi~:
1. ~LlbJec[  to internal stresses due to temperature and ~TI i (cocfficicnt  of thcrma] expansion)

mismatches - t}~cse can rcsLdt in either ruptLlre,  Llnwanted de. format ion, or car] y fat igLlc FdilLlrc.
These stresses can be residual dLle to processing history, or can be induced by the operating
environment.

2. I.OW cycle fatigLm can be induced by cyclic tempcratLlrc  variations. l’rimarily seen in clcctrol~ic
interconnects sLlch as vias and solder joints.

3. lntcrfacia] stresses can result in cracking  ancl failLwe  of bonclcd  joints, or in cracking or
dc]aminat  ion of the materials on either Side of a bondc.d joint.

]~]Q~tro,)i~q*_ —. —_._.. .. ———_. _A_*_

1.

?. .

z. .

FLlnctional  failLwcs can bc cxpcricnccd  dLIC to c]e.ctronic  component paramctm variat ions which
arc tcn~pcratLwe  dependent, Examples arc: transistor gain, dioclc forward cLwrent,  C140S
swilching speed (and hcncc power dissipation) variations, timing margins, and voltage
thresholds, among others.
Start-Lip transient conditions sLIch as excessive inrush cLm’cnt  can bc caL1secl  by tcnq>cratLwc
effects on the components.
I>cvicc  fai]Llrc mechanisms sLlch as c.lcctrollligt’atioll  and time dcpcndcnt  dielectric breakdown,
among others are accelerated to varying extents by tcmpcratLwc. For failLwc  nicchanisms wi[h
positive activation energies (those jLlst mcntionc.d),  cxtemdccl  high tcmpcraturc operation will
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kxtd to early device failure. Conversely, forfailure  mechanisms with negative activation
energies, such as hot carrier il~~cct ion, cold temperatures wil 1 accelerate the failure mechanism.

4. 1 ixtrcmc temperature conditions can alsc) combine with electrical parameters to result in part
ovcrstrcss.

~j.~chanisnls:———..
1. ‘1 ‘o]erancc  variations due to CTE effects.
2. Variation in motor torque output and current draw.
3. Fluid viscosity and density changes that can lead to leakage, deformation, or undcsirccl

operational characteristics.

optics
Optical systems arc typically sensitive to temperature. variations. Performance of reflective optics is
dcpcndcnt  OJ) the distance be.twecn  and alignnmnt of oj~tically  reflective surfaces. Dimcnsiollal
changes wil 1 affect the focal point of the system. Refractive optics have additional sensitivities clLlc
to the variation of the index of refraction with te] npcrat  ure. l,OW [:’]’1  i materials arc usecl to

nlinimizc  dinwnsional  changes, and ]cns and mirror mounts must accommodate dimensional
chaJIgcs  wjlhout  jnducing, ]arge stresses in the optical c]emcnts. Residual stresses in the materials
ciue to machining can aggravate the temperature sensitivity of optical structures. optical coatings
ancl filters are usLlal 1 y sensitive to temperature, indicated be either performance changes, or
accclc.rat ed clcgradat i on.

!$ ~.! ~ c.r~ i.m
Since so many electronic and optical parameters are. affected by temperature, dcrating  guidelines
have been developed by the industry to enhance the life ancl reliability of electronic parts under
various applications. When establishing design  tcmpcraturcs  for electronic assemblies, it is
inqmrt ant to work C1OSCI y with the envirornncntal  compat  ibi lit y, reliability, ancl parts experts to
cst at-i] ish a coherent policy for the project  which performs the t radcoffs  necessary to arrive at an
optimal set of design ancl test rcquircmcnts. The. same holds true for other types of assemblies.
An apparent] y more restrictive requirement on one assembly (unit) may result in a much more
relaxed requirement on a system. The subsystem and systcm  must be considered when dccicling
on the assembly (unit) requirements, in order to avoid clccisions which will result in unnecessary
constraints on other assemblies, or higher  levels of integration.

2.1.2 S u p p o r t i n g  l)ata

one measure of the effectiveness of designs  to accommodate the ncccssary  tcnq>cratLwc  ranges is to
examine the number of design  related problems found in the test program. Although design
problems arc not indicators of the effectiveness of the requirement, they do point to the need for a
dcsifiner  to be aware of ancl adequately address the temperature effects on a given assembly (unil ).

‘J’hc l’/FR  database was searched to find P/FRs genemtcd  durins thermal tests, and among these, to
isolate clcsign  related P/FRs, The projects searched included Galileo, h4ars observer, ~’opcx,
MGS, NSCAT,  ScaWjnds, Cassini, MISR, and Mars Pathfinder.

‘1’hc search priorities were: for the environment, tenlpcratLlrc;  and for the cause, design. OLIt of
775 total P/FTU for these projects, 130 (17%)) of them satisfied the search criteria of originating
during various tcmpcraturc  environments, and the cause attributed to design issues. ‘l’able. 1,
below shows the 130 P/FRs broken down by type of clcsign  prob]cm.
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Table  1 - Dishibution  of Design Re]atecl 1’/10{s by C a u s e

Eyg

Cause of Failure Number of Occurrences

1

Pcrccntage  of Tota l
ljcsign  (unspecified) 44 34
l~unctional  Application 27 21
liackaging/Mountin 7 5.5
l;roducibilil 24 18
}iar[s/Ma[erials Misapplication 21 16
Tolerance Call-out 7 5.5

‘J’otal 130 100%.— —

It is clear that a design requirement alone does not result in a good design, however, the
rcquircmcnt creates the awareness that tempcratLlre issues need to be accoLmtcd  for in the clesign.  It
can bc seen from the table above, that no onc particular cksign  problem dominates the types of
failures observed. It is interesting to note that these design problems range from packaging ant]
matcria]s  issLlcs  to specifications issues.

A close scrutiny of the P/lRs found that of the 130 initially flagged, 36 were not attributable to
temperature effects, reducing the total related to design problems found during tenlpcratLwc  testing
to 94 oLlt of 775, or 12%. The distribution of failLucs by design type remains approximatc]y  the
same.

3.0 T r a d e o f f s

“Jim tempcratLlre  design requirement is necessari] y tie(i  to the tempcratLu-c  test rcquircmcnt. ‘1 ‘hc
dcsi{zn must, at minimum, accommodate the qualification temperatures. ~Jivcn  this, it is more
appropriate to make the tradeoffs on the test requirements. The assembly (unit) temperature test
requirement write-up will address the tradeoffs that can be Inacic in that area.

Onc  trade-off that can be made is in the system design. The project  and the system architects
shoLl]d carefully consider the tradeoffs bctwccn system level and assembly (unit)  level
rcc]uircmcnts.  Of[en the decision is made to restrict the operating temperature range of the
assemblies in order to realize cost savings in procLlring  the assemblies. In considering such ii
decision, the pro~cct shoLl]d be sure that the restricted tenlpcratLwe range  woLIIci result in real cost
savings at the assembly (unit) level. The project should also evaluate the resulting impact on the
system ICVCI  design due to incrcascd  constraints on the system level thermal control, which can
rcsu]t in incrcascd mass, heater power rcqLlircnmmts,  ancl constrained cqLlipment  layoLlt.

3.1 S e n s i t i v i t i e s .

in establishing temperature design reqLliremcnts for assemblies, the parameters that can bc varied
:irc:  tenlpcratLm,  in-spcc  operating range,  and survival (or non-operating range). Table 2, below,
at[cmpts to show the impact of changes in these parameters to: 1 ) the cffcctivcncss  in mitigating
the f~ilLu-e  mechanisms discussed above; and 2) the cost of the assembly (Llnit).

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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Table 2  - Contro]  Parameter,  Sensitivity and Cost Sensitivity.

.—.
Cmlt ml Failure Modes Scnsilivily  to cost Sensitivity to Ckmtro]

Parameters I’amtnctcr Parame.tcr

. —
3’

3 i

in SLl~\’
s cc— .

‘1’cmpcrat  Llre Structural/packaging -1 – +- -t Temperature
1.CVCIS (T) IxHwl (!)— .
in-s])cc Range Electrical performance +- -t 0 in-spcc Range —

( i n  spcc) /paranmter variation (!)
Survjval  RaJlgc Oplical  performance -t -t o Survival Range o
(sLlrv) (2) (~)

===l=-==nm 2
,.. ,

Notes: 1 ) Not a cost driver overt ypical  temperature ranges (-20/+70  “~). RF ancl optics
assemblies may have cost impact duc to strong tenq>cratLwc  sensitivity of their
performance.
2) Survival tcnlpcratLlre is not a driver, unless the range, is wide cnoLIgh to cause
permanent change in the optics  structure.
3) Not a cost driver unless effect mentioned in (2) is an issue.

~’c.mpcrature design requirements, while not guaranteeing a quality design, do define many issues
to bc actdrcsscd  dLlring  the. design process. Tolerances, material compatibility, electrical parameter
variations, and functional requirements all need to be considcrccl  when designing to operate in a
given environment. It is also inlpollant  to note that the tcmpcrat L]rc design requirements need to bc
closc]y tied to the test rcquirernents, as WC]] as the TIM( stress analysis, derating, and worst case
anal ysis requirements in order to assure consistent application of envi ronmcnt al rcqLlire. n~ents.
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~Jnit l.cvcl T}}ernlal_Twt l<quirmlmt

1.0 (11.) jectives

Tl~cobjcctive  oft]t~i[ lcvclttlcr[llal  testing is todcl]~o~]stratethefligl~t  worthiness

B
r
I

of the harclwam.
‘l’his ii done by simulating the relevant synergistic environmental :incl operational conclitim]s
throu~h  sc]cction  of appropriate combinations of environmental, electrical and mechanical I
parameters. To bc effective, pammcters should bc sclcctcd that validate the clcsign,  dCIllOIIStratC  its
robustness, screen for workmanship defects, and demonstrate an acceptable level of reliability.
‘Jihcr[nal tests are desjgned  10 bc non-dcstrLlctivc  and arc performed under either WCULIID or
atmospheric pressure conditions.

I

2.0 ‘J’ypica] Requirements
I

The typical unit level test rec]uiremcnt consists of the following parameters: test pressL]rc, operating
tcmpcraturc  range, non-operating tenqlcratLm  range, clwcll  times, temperature transition rates,
number of temperature cycles, and functional testing. I
‘1’hesc parameters are chosen to best achieve the test ob~cctives  for a given unit and mission. 31]c
tc.st paran~cters  arc nccessaril  y syncrgist  ic with the tcmpcraturc  design parameters for the unit, and 1
must cnconmass aJl the tc.nmemturc rc~inws exrm-icnced  t hrouflhoLlt the life of the unit. ‘1’hcsc
parameters ~ill  be discusse(i  in more d~tail  in s~ction 2.1, outli~ing  the effect o:
on the fai lLwc mcchanisnls  involved and on the effect ivcncss of the test.

A.y=pical  unit thermal test KX@mUm@
1 lot/(ldd  Temperature Level (operating): -20/-F75 “~
} loti~old  I.Mration: 144/24 hrs
NLmlbcr  of ~yc]cs: ]
l’rcssurc: <10-S Torr
Ra[c of Change of Temperature: 30 OUhr
Functional Testing: to demonstrate in-spcc  operation ovc.r a tcmp range

these paratncters

I
I
I

q’his example is typical of traditional test requirements for assemblies used in long life planetary
cxplctralion  missions. These requirements arc tailored as mission rcqL]ircnmnts anti program needs
change.

2 .1  Rat ionale

A WCII designed and implcrncnted  thermal vacuum test can expose most of the relevant failure
Inodcs. Pub]ishcd  data shows that thermal vacuum testing is the most cffcctivc environmental test
for space hardware. I’hc following is a discussion of the rationale for the significant variab]cs  that
affect the effectiveness of a t}lcrmal vacLnml test.

Fund ional ‘J’esting: l-jLmctional  tests arc necessary to verify the performance of the hardware
during environmental testing. Electrical stresses arc combined with environmental stresses to
effectively apply screening stresses to the hardware unclcr  test. I~ecause  of the synergism bctwc.cn
the electrical and thermally indLlced  stresses, the effectiveness of an environmental test can bc
significantly influenced by the selection and performance of varioL1s  fLmctional  tests dLwing the
environmental test. FLmctional  tests shoL1ld bc designed to allow verification of unit lCVCI
functional requirements, including in-specification oJ~cration  of all moclcs  over the full opcratio,nal
tcmperatLwc  range, stability, calibration, and dcn~ollstration  of cold- and hot-star~  capability. in
many cases, out of specification operation at or near the extremes of the tcnlperatLlrc  range is
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tuxe.ptable as long as the performance comcs back jn spccjficaticm wjthin the rcqujrcd  range, and
no pc.rmanent  degradation occurs.

T@ Pressure: The pressure during test results in both thermal effects as well as purc]y  pressLwc
dCpCJICtCI~[  phenomena. The effects  associated purely with pressure  incluclc  corona and
nlullipacliJ~g. These arc most  often  assoc ia ted  wi th  R17 or high vo]tagc  circLlits aJld dcvjccs.
lntroclLlction of a gas to the test environment (even fractions of an atmosphere) introduces
acldit ioJ~al  heat traJlsfer  via convection, which alters the tcmpcraturc  distribulioJl  within t}~c unit.
‘1’hercfore., the vacuum (< 10-s ‘1’err) environment is Inost representative of flight for unit thermal
tests. 1 lowcver, testing in a dry 1 atmosphere cnviroJ~Jnent k acceptable if it has been shown that
the l)ardwarc  is not sub~cct to corona and Jm]ltipac(ing,  and the iJltcrnal tcJnpcraturc  levels  have
been calculated aJld caJ~ be achieved by adJtJsting the test tcJnpcraturcs.

‘1’enlJ)erature IJcvel: For most failure mechanisms associated wjth space flight clccm)-
mccl~anica]  hardware, the hot tctnpcrature  level is one of the key parameters impacting the
effect i vcness  of the then nal test. In general, the higher the ICVCI the more perceptive the test
(I{cfcrc.nc.c  3). ~old exposures arc effective in precipitating many la(cnt fi~ilure modes, and
complement high temperature exposures. These levels have typjcally  been the greater of -20/+ 7S

‘~, or 25 ‘~ beyond the worst case predictions, I’hese ICVCIS assure robust sc.rcc.ning  of the
hardware, in addition to providing adequate margins to account for cnvironmc.ntal  and mocklil[g
lmcel’tain tics.

JIuration: The reliability y of an electronic unit in flight is [iirect]y  related to the number of
opcrat ing hours cxpcricncecl  prior to ft ight. Additionally, since incrcasccl tcmpcraturc  accc]cratcs
many Pdilure mechanisms, the time spent operating at elevated test tenq~cratLwcs  is equivalent to a
greater time spent operating at lower tcnlJmraturcs. The test CIWCII tirnc can bc tradc(i off for
incrcascci  operating time in other environments. However, sjnce realistic accclcrat ion factors must
bc uscxl, this tradeoff should only bc done after consulting with the prcjcct reliability el~~,ine.er.
Non-operating dwell times are not ncccssary un]css  the hardware is subjcctcd to a hystcres]s-type
of mcchani sm.

Rate of Change  in temperature (dT/clt):  At high rates of change in temperature, large
stresses can build up across material interfaces clue to differential thermal expansion which can bc
significant enough to cause a failure of the material, ‘l-here is concern that a cxcessivc rate of
change jn tenlpcratLlrc could cause possible failures w}lich would not have occurred in flight. The
current appro:tch  is to specify a rate of temperature change which is tied to the maximum rate
cxpcctcd in flight, The rationale for this is that any savjngs  associated with a higher mtc would bc
insignificant and this woLJkl subject the, hardware to ICVCIS that could bc in cxccss of any previous
qualification rates. ‘J’he allowed rate of change in temperature is dcpcndcnt  on the design  and
previous qualification of the hardware. ‘1’ypjcal  electronic packa~ing  designs used for space
applications should  be capable of sLlpporting  rates in the range. of 10“{%ninute.

‘1’empcraturc  Stabilization: Thermal stabilization is important when the hardware Lmdcr  test
haS an f2XtrCJlldy  ]OJIg thCJMKt] tjlllC COJ)SMM  (tjJNC  tO r e a c h  [hCJUlld CqUj]ibriLJJll), u s e s  ]Ocxdizcd
internal tcn~pcratLlrc control, or where hysteresis phcnoJnenon  is jnvo] ved,

Number of’ Thermal Cycles: Performing a single thermal cycle is effective for precipitating a
broad SpCCtrL]JH  Of ]atCJJt defects, These  range from workmanship dc.fccts  (J>oor  interconnect
integrity, missing parts, wrong part va]uc,  etc. ) to electrical, optical and mechanical design defects,
Performing n] Ldtip]c  thermal cycles is effective in testing for hysteresis effects and life testing (sL]ch
as qLlalifying  the capabilities of a technology). Since. life testing is not intended to bc part of a test
on flight hardware, the number of cycles should bc the minimum number necessary to verify
stability anti/or rcpcatabi]ity  in performance.
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IIcat Sinking Method:  Heat sinking the unit under test in the same manner as in flight aides in
the detection of any deficiencies in the thermal coupling of the. unit to the next level of integration.

2.1.1 Failure Mechanisms & Tradeoffs

l~or the purpose of this discussion, all failure mechanisms are groupcci into one of three general
classifications. They are: 1) chcn~ical/diffusion  mechanisms (Arrhcrtius reaction rates); 2)
hysteresis; and 3) stress rupture. A high-level summary of each of these classifications is
presented below. Iiach discussion is followed by a list of (he tesl parameters that influence that
failure mode.

Cllenlical/l)iff  usion Reactions
The. fabrication of electronic parts, circuit boards and circuit-board assemblies involves complex
chemical reactions. Failures as a result of ]esidual  reactants, incomplete reactions or
diffusionhnigration processes would be classified as being Arrhmius  in nature. This failure mode
is most often associated with electronic parts (Rcfcrcncc  1). Moreover, Reference 1 also indicates
that this mechanism can be the leading source of failures for a significant number of other hardware
Clcmcnts.

Relevant test parameters (listed in estimated order of overall significance) are:
lilcct rical loads, Hot IAVCIS (including pressure level effects), 1 Iot I)wcll Time, ~old l.evcls,  cold
l)wcl 1 Time, Ramp Rate.

)Iysteresis
The forms of hysteresis most often  of concern in clcctro-mechanical hardware
are: fatigue (both high and low cycle) and parametric drift. 1.OW cycle fatigue
arc a fLmction of dwell time and number of cycles,

used in space flight
and parametric drift

! l&h..Qvclc  Pat iguc: high cycle fatigue failures are best exposeci by vibration testing and therefore
not discussed herein. I

] .OW ~ycle  ];atigue:  The life-limiting failure mechanism of typical packaging designs is low cycle
fatigue of elcctro/strLlctural interconnects. This damage mechanism largely results from a global
mismatch of the 0’E between: (1) parl body and the board it is mounted on, (2) the boarcl  ancl  ihc
board housing. local ~TE  mismatches (between solder material and metal pacl on the board) also
contribute. to the problem. Similar problems occur in materials with the same ~TIi’s but where.
large thermal gradients “exist within the solder ~oint/Jcacl  system.

‘l%c material properties which govern the life of solder interconnects arc very non-linear (I{cfcrctlcc
3). As a result, cyclic exposures which involve higher peak thermal exposures arc significantly
more effective than cyclic exposures of the same total depth but which involve. a lower hot peak
tcmpcraturc. Moreover, below 0°~, cutcctic  tin/lead solder bccomcs  significantly stronger, and
thereby, most likely changes the failure mode for the interconnect from a low cycle fiitiguc failure.
of the solder material to a brittle failure of either the solder material or the part package.

Parametric IIrift: Another form of hysteresis is parametric drift. It can bc due to Arrhcnius type I
react ions or residual stress effects, Thermal cycling general 1 y removes/stabilizes these stresses.

Relevant thermal test parameters (listed in estimated order of overall significance) arc:
1 lot ICVCI,  total depth of thermal cycle, cold level, hot dwell time, electrical loads, ramp rate,
Pressure level.
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Stress I{uJ}ture
StrCSSrLlptllrC fai]Llre  Call hCintIOdLICCd  Via Illcc}laniCa] ]Oadillg OrthCrlIlal displacement aSarCSUlt
of a ~TE mismatch or large thermal gradients. Excursions away from the zero stress and/or
residual stress state (associated with the formatiordfdmication  processes) create stresses in the
hardware. Most stress ruptures arc suspected to occur as a result of manufacturing flaws or ncw
designs. This is a typical weak link failure mode for bondlincs  ancl composites.

Relevant thermal test parameters (listed in estimated order of overall significance) arc:
Hot & (hid Levels, Electrical loads, Pressure level, Ramp Rate.

2.1.2 Suppor t ing  Data

Studies of test results indicate that the thermal vacuum test is the most flight-lilw environment
achievable prior to launch, and it is the most cffectivc environmental test for revealing inherent
failure, modes  (Reference 4).

‘l%c following data is based on studies of the JP1. Problcnl/Failure Report  (1’/FR)  database, and
summarize test cxpcricncc  on major JPL flight projects.

[;cncra]  Effectiveness of l’hcrl~lal-VactlLll~~  Test: Anal ysis of the clata  shows that approximately
25% to 30% of the problems found during testing  of flight assemblies on the Voyager and Cialilco
programs would  not have been dctectcd  cxccpt  by environmental testing. Additional stLldics were
conducted to compare the relative effectiveness of the two major environments, vibration tests and
thcrlnal  tests, These studies found that thermal testing detects from 1.3 to 3 times as many
problems as dynamics testing. Scc Reference 6 ~1’0-0003)  for fLlrlhcr details.

Fffectivencw of Functional Tests:+.. . . ..  .. . “1’wo spacccraf[  (Galileo and TOPEX/POSFHDON)  and two
instruments (the Wide F’icld  & Planetary ~amcra 11 ( WF/PC3  I) and the NASA Scatteromctcr
(N S(:AT))  were st Lldicd by pcrfornling a trcncl  analysis of the prob]cntifailures  dctcctcd during
sys{cm level thermal/vacuum testing to provide some insight on the role and effectiveness of
functional testing. Table 1 sLunn~arizcs  the findings of this study. Of 20 PFs relevant to the stLlcly,
40% (8) should have been detected dLwing  lower lCVC1  tcstin~. ~onverscly,  35% (7) invo]vcd
“intcrfacc issues” which could only bc resolved by higher level testing. The remaining 25% (5)
were detected during  lower level tcstinp bLlt were not cffcctivclv  resolved to t~rcvcnt  future
occurrence. Scc Rcf~rcncc  7 (TO-002.7) ~or further details,

. ,

‘l’able  1. Silrilmary of lhnctiona]  Test Effectivcncss  o b s e r v a t i o n s— .— .
CLASS1FJCATION OF PF DETECTION SPACJ;CRAIT lNS’1’RLJMI{N’I’S TOTA1/=
_

T7 ‘) 7’
lJrldctcctablc  At Lower integration Level

—.—.
Potcntia]ly  lncffectivc Problem Rcso]ution 3 2 5 ’

—.—.
Potcntial]y  ]ncffcctive Functional Testing 4 4 8’
At llnit Level
— .— .

TOTAN 14 6 20 ‘
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Iiffcclivcness of Vacuum: The usc of vacuum conditions during  thermal testing of hardware cm
significantly increase the effectiveness of t}lc thermal test as a screen for detecting hardware
defects. References 2 and 4 rcpor[ that thcrnlal/vacuun~  testing is more effective for revealing
defects than thcrn~al/atnlosphcric  testing.

Reference 8 documents a survey made of the P/FRs written during unit level and system level
tl~crl~lal/vac~ltl~~~  (T/V) tests for the Voyager and Gal ilco Projects  (pre-1986) to determine. d le
ncccssit  y of a vacuum environment along with elevated tcmpcrat  urc for uncovering I’/l ‘s. ‘1’ablcs  2
and 3 summarize the unit and system level findings of this stLldy, rcspcctivcly. Note that on both
programs and both levels of testing, vacuum effects played a major role in detecting the
problcnl/failure.

Table 2. Unit-1 .cvel TV ‘1’est

F

‘ IIEPliNDENCY VOYAGER GAI .11.130

NUMIIER 3)ERCENT N(JMBER PFXCI{N1’
— :
‘J’cmpcraturc  Only 9 ]9.6 7 19.4

qi~rature  & Vacuum 10 21.7 17 47.2
— . .
“1’urc” V a c u u m  — 21 45.7 — 8 ‘ - 2 2 . 2  —

lnclcicrminatc 4 8.7
.—

3 8.3
.—
Other (functional only, etc.) 2 4.3 1 2.8
— .

‘1’O’l’AI.S 4 6 mo 36 100
— .— . —

Table  3. systern-bwl  ‘1’\7 ‘1’est
lJEI’ENIIENCY

——
VOYAG1 R CiAl JLEO

n ,
NUM13FR  PERC%N’1’ NLJh4BER PIiR(:l;N’1’

1

l’cnlpcratLlrc  only o
‘1’empcrat urc & Vacuum

~I

“Pure” Vacuum 29

lnclctcrminate 2
I

Other (functional only, etc.) g
,

TO”l’Al.S I 4 6

1 ,
—

o I 4 I ]0.3
13 5 12.8

63 14 35.9

4.3 - 2 5.1

T9T 14 35.9
—

100 39 ––100

~.l~t  1 XVCI  and lJwcII Period: Exposure, to high temperature testing has been found to be effective
in rcvcalin~  dcsi~n  and workmanship defects. Precipitation of latent defects associated with all
three t ypc;of  fafiure mechanisms di~cussed  in section 2.1.1 is accelerated by exposures to hot
levels  (Reference 3). Although time itself is not an acceleration mechanism, it increases the I
probability of detecting a latent defect during the test. ‘rablc 4 summarizes several examples of 1’1;s
that were tcnqxxatLwe  level and or time dependent. ‘rhcsc findings arc from a study performed to I
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investigate and ctocumcnt specific examples of PFs which were dcpcnclcnt on hi~h tcmpe.raturc
cxpcxw]rcs  ancl/or time at hi~h tenlpcratLlrk.  (See Refcrcncc  9 for fLlllh~.r  details.) ‘ ‘

‘l’able 4 - ~auses  and Mechanisms of Thermal Vacuum  Ilot Test Nailurcs for
-—...— .
PFR #
-— .-
43996

— . .
42485

. —  .
4249:3

—..
42494

—— .,
12495

.—
13283

R588

X458

Failure Dcscriptioy

T/V test data outpl~
became intermittent.

Memory errors —

found while
debugging (rcf PFR
42492).
Excess current —

detected in mcmor-y
array(ref  PFR
42492).
control failure foulF
in trouble shooting
(ref  PIW 42493 )._
Missing interrupt
ancl no response to
iso-valve (rcf PFR
42492).
M e m o r y  a r r a y  —

supply voltage out
of spcc.

Memory array read —

zero af[cr PWR
rcappl y.
Memory address –

failures on the
AACHS.

Ga]ili
l“~ai]urc h4ec}lanisnl

Three pins were not
soldered to circuit
traces.

Breakdown in gate
oxide of one of the
memory transistors.

Hrcakdown  in gate
oxide of one of the
memory transistors,

Breakdown in gate
oxide of one of the
memory transistors.
Breakdown in gate
oxide of one of the
memory transistors.

Short between 10 V
& Gnd layer at the,
positive ternlinal.

Short between 10 V
& Gnc] layer at the
positive t&nlinal.
Solder bridge found
was causing
;ontcnt ion.

liai]urc Physics

1 lot temperature caused
expansion leading to the
discovery of Lm-so]dcrcd
pins.
Most probably a 1{S1)
latent defect.

h40st  probably a }iSIl
latent defect.

Most probably a ESIJ
latent defect.

Most probably a I ;S1)
latent defect.

FailLlrc  to correct for
laminate shrinkage when
terminal holes were. dril]ed
causing breakdown of
epoxy insulating material
under vol(age.  and
thermally iIldLICCd
mechanical stress.
“Same  as 43283 above.

~ixpansiotl-of  bmird and/or
coriformal  coat due to CYI’E
effects, s}liftcd entrapped
solder particle such that the
short o-ccurrcd.

I’imc
(}11’)
10

83

186

143

145

155

32

102

—.—
Tcmp
(T)— .
55

75

74

75

75

75

75

55

~old Ix.vcl and Dwell Per~: A study of PFR data indicates cold cxPosLwe is effective in
ul~covcring  design and workmanship PFs-in piece parts, electronic circLlits  and mechanisms.

.

‘1’ables indicates several very significant part problems which were first detected at the unit level.
‘1’hc. cold piece part problems docLmlentcd were arguably the most significant problem to occur on
the Galileo Project. See Reference 10 for further details.
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I
I‘1’able 5 - Causes and Mechanisms of Thermal Vacuum Colcl Test Failures for

I;ailurc.
lkscriptil
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1 iffcctivcncss  of Time Rate-Of-~han~c of ‘1’cmpcrat m-c (d’l’/cIt): Ilistorically,  the rate of change
during  the thernlal/vacuunl  test has been tied to the maximum rate expcctcd in flight, ‘1’his
:ipproach  was taken bccausc  it has been demonstrated t]lat  some types of hardware are sensitive to
high rates of change in tcnqwratLwc. A good example of this type of hardware arc solar panels.
Hardware which is sub~:cted  to high rates of change in tenlpcratLlrc  during flight typically undergo
some form of life/qualification testing to verify their flight worthiness. This type of testing tcncls to
bc costly. The selection of a temperature ramp rate to bc used during a thermal test balances the
cost savings (test time) versus the possibility of inducing unwanted failures by using too severe  a
ramp rate. The typical thermal test of electronic asscrnblics  involves a single thermal cycle and
therefore any potential cost saving woLdd bc insi.gnifrcant. In light of this the typical rate spccificcl
for testing of bus electronics assemblies has been three times the maximum flight rate, ]n many
cases this works out to be 30 °C/hr.

!~.ivc  Effectiveness Of Thermal Qcles:  Thermal cycle data collcctcd  for various electronic and
clcctrohnechanica]  components shows a large nurnbcr  of fi~ihrres on the first thermal cycle relative
to the second and subsequent cycles. This appears to apply universal] y to electronic and clcctro-
mcchanica]  assemblies t}]at are thermal cycle tested. Furthermore, there is little improvement
beyond the second cycle in the number of failures detectecl.  The best fit curve (of cycles 2 and
beyond) shows that improvement is occurring, but at a slow rate. lJpon analysis, the failure
distribution appears to bc hi-modal, The failures found after the first cycle appear to belong to a
cliffcrcnt group of failures than those seen in the first cycle. This is particularly evident when curve
fits arc rnadc on the data, The majority of the temperature-change fttilurcs (ones which need
exposure to a thermal cycle) are found in the first cycle, leading to the conclusion that subsequent
cycles add little to further detection of these defects. The failure population for cycles 2 and
bcyorld seems to bc composed primarily of positive activation energy Arrhcnius-Reaction-Rate
type failure mechanisms. The cycling does not add significantly to the cffectivcncss of the test for
this type of failure mechanism. (See Reference 11 for more cictails.)

3.0 T r a d e o f f s

Tradeoffs can bc made with each parameter invo]vccl  in the thermal test: tcmpcraturc  ICVCIS,
duration, test pressure, number of cycles, temperature ramp rates, ancl electrical testing. As
discussed above, these parameters all impact the cffcctivcncss  of the test to varying dcgrccs. q’imc
in test can be traded for bench top operation, hot ICVCIS can bc traded for operating time,
atmospheric pressure can bc traded for vacuum, etc. These tradeoffs arc best made with a solid
understanding of test effectiveness and how it is impacted by various parameters,

3.1 Sensitivities

in cstablishir~g thermal test requirements for assemblies, the parameters that can bc varied arc:
tcrnpcraturc ICVC1,  dwell times, pressure, electrical testing, number of cycles, and tcrnpcraturc ramp
rate. Tab]c 6 attempts to show the impact of changes in these pararnctcrs  to: 1 ) the cffcctivcncss in
mitigating the failure mechanisms discussed above; and 2) the cost of the unit.
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‘l’able 6 - Control Parameter Sensitivity

----- +(&,~P-l
Arrhcnius  Reaction I:Ms Hyslcrcsis~]’]lcrIll:t] stress  ‘  .

‘1 ‘CS[  l’aramctcr

‘1’P. m]). }Iot -t-l- + + 0 (5)——
1 Cvcl cold + +  — + + o (5)—  . — .
Dwell Hot + + -t ++
Time cold -t+ + +-+— .
Pressure Vacuum ++ + +

Atm. ++ (2) - :2) 7

=ical Voltage ++ ++ + (2) + (:)
Tes( Margin

Freq. Margin ++ ++ + + (6)
Power ~yclcs ? ? + (6)

Ranl~J  Rate o 0 -;? +/? o
No. of Cycles o 0 + (3) -t (4) ++ (7)— .

- ““ !, al

‘cl of increasing parameter valLlc:  -t- increases effectiveness/cost, - decreases
effectiveness/cost, O no effect)

Notes:
1 ) 1 ;a: Activation Energy
2) l.lffcct  of the addition of a gaseous medium cold biases the temperature of the test allicle.

~ou]cl result in reaching cold levels where specific failure mechanisms c}langc.
3) Also consunlcs  flight l i fe .
4) IIowever, only up to the point where change stops. Also consumes flight life.
5) Temperature level is not a cost drive unless is forces exceptional design considerations.
6) Small incrcasc in cost related to test equipment, generally no
7) lncreascs  cost by increasing test time.
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9. Electronics Parts  IXMructivc  Pl~sical Anal@~.—~—ti. ~——.

1.0 Objectives

“1’hc.  objective of destructive physical analysis (D1’A) is to screen out parts with obvious clcfccts and
icimi[ify  latcn( defects that could produce part (mission) Pdilure  at some Mm time. Most IIPAs arc
performed on active devices, including diodes, transistors, micro circuits (integrated circuits), gate i(
arrays and hybrids. On occasion, for special recplircnmnts,  passive dcviccs  arc also sub~cc[cd  to
Ill’A. (

2.0 Typical Requirements

Ihc database of the ~assini electronic parts acquisition was used for this study, since t}m Parts ,
Pro~ranl  Requirements I)ocumcnt PJJ 699-212 called for’1 00% IIPA on all part lots (a total of 786)
other than capacitors and resistors. The faster, better, cheaper missions such as the New
Millc.nnium  require a review of what is an effective screen ancl what could bc eliminated to meet the
ncw requirements. 1

2.1 Ra t iona le

A series of procedures to assess the acccptabilit  y of c]cctronic  parls for space flight usc has cvol\wd I
over a period of several clecadcs. In lhe context of the Faster, Better, ~hcaper  mandate from our ,
cus[omcr (NASA), these procedures arc now being, cvahlated  in terms of tbcir effectiveness in
providing mission threatening defect detection. Hach of the procedures itemized in this report
uti]izcs prqjcct time and money. This evaluation of their effcclivcness  is possible (iuc to lhe
availability of an extensive database on electronic parls acquisition, resident in the Electronic I’arts
Iin.ginccring  Office. ‘1’hc goal is to provide pro~cct l~lat~r~crs/ciesigl~crs  with pragmatic guidelines to I
hc]p dclermine what parts requirements can be modified or eliminated to save time and money and
what risk (if any), is thereby incurred.

2.1.1  Relevant Failure M o d e s I

The lnajor rcicvant  faiiure  modes are listed below:
!

;>:
3. .
4.
5
k:
7.

Visua]iy  apparent external non conformance
Radiographic detection of foreign material in the package
corrosive  gasses inside the cavity
1 lcrmctic seal leaks

1

Scanning electron rnicroscopc  (SEM) detected fabrication flaws
Wire bond puli force specification failure
IJic Bond shear force specification faiiure (at[achmcnt) i

2.1.2 Supporting I)ata
.

IThe foliowing  is a summary of the detailed data in Tab]c  1 of the Appcnciix:

1.

2,

?.,

Ik)r the ~assini  electronic parts acquisition program 786 DPAs were performed, ‘l’here were a I
total of61 lots that failed onc or more of the IIPA tests which represents approximately 8%,
Of the 61 fi~ilcd lots, 32 were subjected to further analysishcsts an(i use(i as a result of MR.B
approvai.
IJive lots exhibited defects which resulted in being returne(i  to the vcncior. Ten lots were down 1
maded to non flight  status.

50



The use of DPA to determine suitability of a potential part for the ~assini mission resulted in
eliminating five part types early, thereby savins possible rcctesign time and cost of unusable
inventory.
As a result  of the DPA process for Cassini, approximately 3% of the lots so tested were not. .
Ilsccl  for flight.

2.2 Methods

‘Mc following test methods arc documented in the appropriate M1l. W’l)s such as 8831J. The.
specific set of t csts is dictated by the part type and the package type. ] ‘or example if there is no
cavity, the hcrmcticity  test is not used.

1. Extcrmd Visual Examination (IN)
2. Racliographic  Analysis (R13)
3, Residual Gas Analysis (RGA)
4. }Icrmcticity  Testing (lN3RM)

a) Fine Leak
b) Gross Leak

5. ]ntcrnal Visual Examination
a) Low Power (LPIV)
b) IIigh power (IIPIV)

6. Scanning lilcctron  Microscope (SEM) Examination
7. Wire Bond Pull Test (WJ3T)
8. Die Shear (attachment) Test (IN’)

3.0 ‘J’raclcoffs

I~or a mission such as Cassini, the full DPA procedure was rccluircd.  ~urrcnt costs for a DPA
range from $500 to $S00 each. When the spacecraft at risk costs $1.2 billion, the DPA cost is
cheap  insurance against electronic part failure. For the faster, bet tcr, cheaper missions, there are
several ways the time and cost of performing Ill}As could bc tai lorcd.  The trend toward small
assemblies with fewer parts (I(k having increasing circuit function density), the use of commercial
gmdc parls and emerging technology along with limited project  funding will bring  pressure to
rcducc costs and maximize. probability for SUCCCSS. The database cited here was the result of tcstin~
grade 1 parts which were to nm.ct M1l.  SPEC Class S or the Source {~ontrol I)rawing (SCIJ)
equivalent. Most of the fttilcd DPAs were on lots where the n~anufi~cturc.r was rcqLlirccl to test for
l}IC failed parameter. Referring to q’able. ] in the Appcnc]ix,  this study sLJ&gcsts that:

1.

2.
3. .

4.

] ]ermcticity testing was ineffective and is a candidate foJ” elimination. ‘l”hc lots that failed this
test were aria] yzcd and used, indicating the spccificat ion did not reflect the application.
Die attachment yields lit [lc valL1c (2 out of 786 lots).
]<csidLla] Gas Analysis  (RGA) failLwes were uniforJnly  clctcrmincd  to be Llsab]c for ~assini.
RGA is a goocl candidate for elimination from the 1>]’A proccclLuc.
Wire bond testing only found 2 lots that were dccmcd  un flig}~t worthy  oL]t of 786 DPAs.

These four steps, combining time and charges account for over half the cost of a typical DPA. A
ncw pro~cc[ may examine the results prcscntcd  here and dcciclc  whether or not a shortcnccl
(tailored) IIPA is appropriate, thereby reducing time and cost in the electronic parts acquisition
process. Part classes of lesser grade down to commercial (depending on several variables) will
probably produce significantly different statistics than those in this study. Stuclies,on  parts of lesser
grade arc in process from several aspects and will result in up dated rcpor[s  as the data bccomcs
a\~ailablc.  It is essential for each new nlission/instrument to carefully assess the parts requirements,
balancing schedule, cost and the mission parameters. 1 iarly formation of a clcsign  team consisting
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of the cicsigner,  parls specialist(s) anti a proc.urcme.nt  specialist will maximize clcctrcmic parts
acquisition.

‘1’hc usc of lower grade or commercial off the shelf (~01’S)
l)PA be required on all lots of active c]cctronic par[s, siJ~cc as
had full up S level screening still fi~il  DPA at a 3’% rate.

electronic parls intuitively suggests
this study shows, even lots that have

‘J’hc fi~stcr,  better, chcape.r  missions such as the Ncw Millennium, require a review of what is an
cffcctivc screen and what could bc changed (if anylhing)  to meet the ncw require.rncnts. SCvcral
tmditional  steps in the DPA process might be eliminated for COTS. Plastic encapsulate.d parts will
not usc hcrmcticity,  RGA, bond pLIll, or dic shear testing. l’hc study for this RTOP has shcnvn
that these four test were not very effective, even on parts with packages that have cavities.

3.] l; ffcctiveness  Versus  Fai lure  Mocles

Of all the failures noted, j%J were determined to be unsuitable (high risk) for flight USC. This
means that their usc was ~uciged  to bc potential cause for mission failure. For a mission of the
{;assini type, the. cost of retrofitting could bc significant in tcr[ns of both time and money. The
IX’A expenditure in this case is considered incxpcnsivc  insurance, ‘1’hc DPA findings also
i(ie.ntified problems with 32 lots that were subjected to additional analysis an~i testing to provi(ic
confidence that they meet the ~assini reliability rcquircmcnts. ~’hc usc of DPA early in the
acquisition process resulted in the rejection  of five part types that had been considercci  as
candi(iates for Cassini. This step saved considcrab]c  time and cost by preventing ciesign time as
WC]] as procurement of parts that ult imatcl  y would not have been acccptabk  for this n~ission.

3.2 Sensitivities

The sensitivity of mission failure to each DPA test mode is some.what complex and dcpcncicnt  on a
nmnbcr of variables. Each mission duration, operating environment anti launch mo(ie will
clctcrminc  the specific sensi t ivit ics to fi~ilurc mocks  dcte,c.tcd  with DI’As. The standard DPA covers
eight relevant failure modes as shown in paragraph 2.1.1 of this dcJcunlcJlt. Tab]c 11 reflects the
results on the ~assini project lot acceptance for USC. It shou](i bc rcviseci  as PI”R arc rcceivcci and
analyzed,

Table 11. Control Parameter Sensitivity and Cost Sensitivity
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HPIV = High Power lnterna]  Visual Examination
Hcrm = Hermcticity Test
EVI = }ixternal Visual inspection
IN’ = Die Shear Test (attachment)

MRB = Material Review Board
lJAl=  ~]SC As ]s
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10. @ality Assurance  “Site Surwy Rc(luircmmt

1.0  objec t ives

The objective  of a Site Survey is to verify that the manufacturer uses standard, good
manufi~cturing,  test and handling practices, and is capable of bui]c]ing  and de]ivcring  the prodLIct  as
spe.cificcl.  l~indings likely to significantly impact reliability, cost, or schedule arc documented and
addressed in t}]c survey,

2.0 Typical Requirement

1S0 9001 paragraph 4.6.2 requires evaluation and selection of subcontractors cm the basis of their
ability to meet subcontract requirements. Although vendor qualification is rcquirect by NASA
1 landbook 5300.4 (1 B) (1 J3500) and our contract with NASA, in general JPL survey findings are
generic industry issues which could drive reliability, cost or schedule, A survey is gcnera]ly
required every two years when procuring a spacccrafl,  subsystcm, assembly (unit) or complex
component from a vendor.

A survey consists of onc to five persons visiting a plant from one to five days depending on the
complcxit  y of the manufacturing (c.omponcnt to spacecraft levels). A typical survey team consists
of 2-3 persons including Quality Assurance (QA), and a packaging, fi~brication,  electronics or
component specialist. A well organized survey team will meet prior to the survey to discuss the
product and identify critical processes which should bc scrutinized during the survey,

J:oIIow up audit(s) may bc required to verify that corrective actions have been propcrl  y
inlplcmcnted; these audits are often combined with other business at the vendor.

2 . 1  Rationa]e

Vendors who arc new to military/space may not have the personnel, systems and/or equipment in
p]acc to build reliable flight hardware.

Vendors who have ncw management, have moved, or have lost key personnel sometimes “1OSC the
rccipc”  for building flight hardware. They may have made changes affcc.ting the reliability of flight
hardware manufactured in their plant.

lmpor(ant areas which arc covcrcd, if applicab]c,  during a survey inc]udc:

1.
2.
?. .
4,
5
k:
7.
8.
9.

contractor’s Quality Systcm
QA invo]vcmcnt  in planning and reviews
lilcctro Static Discharge. (ESD) controls
Alerts
Procurement controls
Subcontracted manufacturing/testing operations
Approval, surveillance and auditing of subcontractors
IJ]ow down of requirements to subcontractors
Nm]-standard parls app~oval and processing

10. Materials and par(s qualification - -

11. Workmanship standards
12. Processes or tests new to the contractor
13. Process controls including those for unique processes or testing
14. Ckmfiguration  management
] 5. Non-conforming Material ~ontrols/Materia] Review Board
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16. Material traceability
17. Receiving inspection
18. Manufacturing and test documentation
19. ReworMRcpair
20. Statistical process control
21. in-process and Final inspections
22, Und Item Data Package review
23. Packaging/Shipping
24. l.)ocumcnt/Sof[ware  change control
25. Self-audit program
26. C3canlincss/clean room controls/environmental controls
27. ~“’cst controls
28. Stamp control
29. h4etrology  controls
30, q’raining

Surveys can indicate a contractor’s weakest proccsscs or systems. ‘1’his helps focus JPL’s efforts
to select the cent ract or, and plan oversight of the contractor’s activity. For example, if a contractor
had never before performed centrifuge testing, it would bc pmdcnt to review their centrifuge
procedure in depth and require their QA to monitor or witness the test.

2.1.1 Avoidable Deficiencies/l~ailures

l..istecl arc a few of the avoidable problems which may be identified during a survey:

1.

?. .

‘3. .

4.

‘i. .

6.

All

2.1

]nadcquatc  testing, products which do not meet the rcquircmcnts  of the contract, and/or
hardware failures can result when requirements arc not aclcc]uatcly  flowccl  down to
subcontract ors. Manufacturers Sometimes contract out manuftdcturing or testing without
sufficiently handing down customer rcquirclncnts  and maintaining controls over their
subcontractors.
}Iardwarc failure and/or loss of configuration management can result when engineering
changes arc not communicated to the manufacturing floor duc to inadequate document change
control.
l’oor Elcctro  Static Discharge control procedures can lead to functional or latent failures of
hardware. “At JPL, over a two year reporting period (’91 -’92), approximately 30% of all
electronic part failures that had failure analysis performed were attributed to ESIJ” (Ref. 2).
~’hesc  arc only the failures found after assembly.
New processes may introduce ncw failure modes. This will bc dealt with during PDW~DR  if
one is planned. 1 f not, the survey combined with manufacturing process review (see Process
Review Rcquircmcnt) maybe able to point out potential prob]cms.
Vendors may say and believe that their standard proccsscs meet contract requirements while  a
closer look may reveal that they do not.
Reliability of the hardware can be affected by processes and workmanship which tend to drift
over time without recurrent training.

of these problems, if cxpcrienccd,  are 1 ikcl y to impact cost and schedule.

,2 Suppor t ing  Data

Tab]c 1 provides a sampling of problems detected during site surveys on JPL programs.
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‘J’able  1. JI’I. Site Surwys  - I’roblcnls  lhcountcrec]— — —
s /c Survey Issues Corrcctivc  Action(s) / Outcomes Survey

- Qrntractor subcrrmractcd a major portion of solar Anay Jt’1. dictsourcc ]nspcc[ion  atsrrbconWrctor.  SCVCII
Ilrivc  Asscrnbly and rcfrsscd  to do source inspection.

039
Spaccclrrfl awcmblics  were built before onc pmscd  shake  ICS[.
Solar Array The subcontractor dropped the flight solar Anay

l)rivc  Assembly costing 6 rnos.  dckry  & tens  of
thrrusrtnds  of $s, Unit fttiled  5 times in cnvironrncrrkd
test  chrc to mrchincd particles fron)  grinding,

— operation. Several redesigns occurlcd duc to failcrrcs.
1)01) Approved. Follow up audits 10 survey revczrlcd that J}’l. bccrrmc heavily involved 2-3 Irifrshveek thru

contractor handed off cryogenic cooler to a
020-

Palhfm(icr delivery. JPL in]i)oscd  space Icvei testing on motor.
(1986) subcontractor who contracted out  the motor to the Jt’1. had sub-contractor dismscmblc  & reassemble off
Spacccl-aft cryogenic cooler to another subcontractor with none of the shelf motor so JP1. would know mtcrirds  & how it

the project test rcquircmcnts imposed on them h was it worked.  lnvcstigalion  spawned concern that motor
comtncrcial  motor. brushes’ life was not as long as the life of the mission.

—
NSCAI 1.OSS  of kcy pcrsonnci/fircilities  movcdhnanagemcnt I)isapprovcd  but conhzrcior  was single source with

change. No operator/inspector training, Weak traveler
125—

Cryst  cd unique capabilities. J1’1. bccamc  heavily involved -
oscillator design, No record of burn-in circuit Icsts prior to testing did sonle  of the soldering l’atis ended up working

flight parts. Wcl].

Grssini Contractor did not understand clcmcnt  evaluation and J}’L. bccamc  hcavity  invotvcd in this procurcrocnt.
Power Ssys

146—
opscrecning requirements, had never qualiflcd a flight Parts are pmcn[iy  working well.

SS}’S hybrid hybrid before, and had  never purchased ASICS  for use in
ftipht  hybrids.

~assim Approved. Post  award survey. Previous expcricncc on Sur vcy rccommcndcd  contractor purchase
NSCAI’  had revealed: Contractor herd neither tools nor

282—
Wavcguidc approp~late  equiprnenl. Contractor purchased

expcrtisr to mcawtrc sophisticated wavcgrridc geometry nicasurlrrg  equlpntcnt. No significant problcrns
and stacked tolerances. Parts shipped to JPL did not meet cxpcrienccd  to date.
drrrwirrg dirncnsions.  Detays of scvcrai  months  and
additional JPI trips to bring equipment and  instruct
contractor on its usc ensued.

Crmmi I)isconrrcct bctwccn computer assembly facility and parts JP1. QA resident heavily involved. }’arts wrm
Soiid  SIaiC

210-
acquisition group, Limited flow down of parts rcquiremen(s , marked on wrong side & awerrlblcd nlarked side

Computer cbrrnge nolices/corrective actions/h4Rll  decisions. loss  of down duc to disconnect bctwccn assembly & parts
kcy person-no drrta review of parts. F31)  controls not facilities- loss of serial nunlber level mccabi]ity.
uniformly enforced. Limited QA involvement.

C<-i’,irsl- Conditionally approved. Contractor had nlovcd. Corrective iictions:  Vcndol  to cornpielc
cd Wiring E@ipn~cnt  out of calibration, IWSC  ccrtitication  had not

1 20—
IIoards

rcccdifrcation.  I;~uipnIcnt  to bc calibrated.
been renewed since move. }’roccdores  to bc updated.

7m-F@cct  s Not rccomrncnded. Contrcrctor  produces rnairdy (orltractor  not used t’ol J t’1 fligl)t procurcrr)cnts. 206—”
fcrstcncrs/ comnlcrcial gmdc hrrrdware.
rivets/ drills
Xlm7Jiccls Condmonally approved. Rmv  rnatcnal control 1s not Reconmlcndation$: lrl]pler]wnt raw nmtcrial contlol.
l o c k i n g

259—
implcrncntcd.  Quality Manual dots not address  raw

fasteners
(juaiily  rnanrrrrl  should rcflccl tlaceabilrty

material traceability. rcquircrncnts.
- Conditionally approved. Problem with traceability of raw ~ll)Iil’ Pr’obtcm  Advisory for warded to contractor. 258—
Eiginc tnatcrial  to heat nurobcrhnrrnufacturer. Possible GII)H’
Gimbal I’roblen)  Advisory rc: wrong roalerials used on bearings.
Actuator
;:::;:?

Condltlonally approved. Vendor has onty 6 months 132-
elcctronic cxpcricncc  with class %“ flow &, QA does not actively
parls  testing follow that flow for their single class “S” customer

(rustomcr QA monitors flow)
-A-I) Ckrndltlonally  approved. Verification of released test I;rcquent J Pi QA and cr!~lnccrlng trips al added cost. ]79—
Converters/ software is lax - danger that current version is not in use. t’arls  arc cunentiy working  well.

Jilcmcnt evaluation and housekec  in issues aiso cited.
%%%rier Pos{-Award  Survey  Proccssco;ro$  inadcqrrrrte. =ract was placed became  pt icc was low and N R-I)c-l)c’ Process logs and tables referenced in process documcrrts schcdulc  tight.  Sor]lc  parls  failed cicctrically due  to
cortvcrtcr were not  found on production floor. No cleanliness v.orkrnrrrsship. [)cstruc[ivc  Physical Analyses ([)1’As)
hybrids monitoring. t’oor production pmcticcs. No cvidcrrce  of failed. tom  JP1.  trips duc to problems. Pam pawed

calibration of critical cquiprncnt. No docunlcrrt  change clualifrcatirm  & arc working.
ccrntroi for test procedures. 13S1) controls arc weak.

Cassini Conditionally approved. Non-responsiveness to prior Jf’1. Corrcc[ive  actions recomrncndcd: Respond to CA 1 os-
elcclronic corrective action (CA). Rough handling of parls. Opcrator  orientation/QA sorvcillmcc  of paris during
grlli;;s)ing test. lncrcasc  staftins  to accornrnodatc  workload

Conthtlonally  approved. Subsequent weakness m Quall[y s ]gmficant  JPI. Qcralrty I@inccnng  lnvolvcmcnt  - 29:~~.~lA
cnginccring  involvement, tes!  coverage and end-item limited in~provcnmt in supplier QA role.
data submi[tal.

= ESIJ controls/proccdurc  lacking. Contractor insensible to J})l. rregotia!cd  stringent 1S1) proccdurc. JPL QA NA—. easily damaged (at 30 volts) integrated circuits. rwidcnt required to nionitor E3f) prac[ices. Suppllcr
inlprovcd - few problcrm  cm hlageilan  and C.rrwini

Galileo” Post-award survey disclosed material / configuration / Significant J1’1. QA resident  role. I)claycd
Power Ssys

NA—
process controls not well planned nor docurncntcd.

Relays
production as matcriai  and pmccss  problems
surfaced. Evcntrrally  resolved - few, profdcros  on
subsequent Cawini prrrcorcmcnt. —-— . . . . . . . . . . . . .

Survey = Quality Assurance Survey nurnbcr NR= lnttsrmal survey - not rclcase(l NA= >urvcy not avallatm
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3.0 T r a d e o f f s

The survey tractcoff  considers the cost of performing the survey and following up ori correct ivc
actions versus a reduction in expected Pdilurcs, cost and schcdu]c  overruns duc to poor quality
hardware.

Pre.-Award  Surveys have the greatest potential for cost and schcdulc  savings in that JPI, has timely
opporiunit  y to negotiate corrections or take an alternate approach to the procurement, cost savinp,s
can also be cxpcctcd  when a better vendor is selected.

Prc-Award Surveys for fixed price contracts offer opportunities to contain cost within the contmct
and identify hidden costs of JPL contract oversight.

4.0 R e f e r e n c e s

1. NHB 5300.4(111), “@a]ity  Program Provisions for Aeronautical and Space Systcm
Contractors”, NASA Handbook, April, 1969.

2. C)]sen, “Electrostatic Discharge (MD) Control Program Rcquircrncnt”,  April, 1996.
3. QAP 39.3 Rev.D, “Survey of Quality Assurance SyStelllS allC]  ];aci]itics F]ight Systems

~cmtractors”, JPI. Quality Assurance Procedure, July, 1992.
4. QAP 41.20, “Survey of Flight Electronic Microcircuit Parts Suppliers”, JPL Quality Assurance

~’roccdure.
5. QAI’ 41.21, “survey  of Flight  Electronic  part screening Contractors”, JPL Quality Assurance

I’roccdure.
6. QAP 41.22, “Survey of Flight  Microelectronic IIybrid Manufacturers”, JPL Quality  Assurance

Procedure.
7. QAP 41.23, “Survey of Flight  Elcctromagnctic Suppliers”, JPI. Qua]ity  ASSLILYiJICC  }’roccdurc.
8. QAP 41.24, “Survey of l;light  Semiconductor and IXscrcte. IC l’:irt  Suppliers”, JPL Quality

Assurance procedure.

6 . 0  Acknowlc.dgmcnt

Dick Bittncr, Joc Bott, Scan 1 loward,  John Miller, Sandra MacSwccn  ancl John Vasbindcr
ccmtributccl  to and/or reviewed this mini-product.
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1.0 O b j e c t i v e

E]cctrostatic discharge (ESD) control rcquircnwnts  are used to protect electronic parts and systems
against damage or degradation from ES1l during rcmtinc  handling, fidbrication, testing and USC.
The ob~cctive  of an ESD control rcquircmcnt  is to ensure that electronic systems operate as
intended during development, launch and mission operations.

2.0 Typical Requirement

}’roactivc measures exist to protect ESD-sensitive (ESDS) parts and systems against the
clcvastating  effects of ESD. Several military and industry ESD control standards exist. JP1.’s 13S1)
control program is defined in JPL D-1348, JP1. Standard for HSD control.  in summary, this
program contains requirements including:

1.
2.
3. .
4.
‘i
i:
7,
8.

1“’crsonnel  13SD awareness and control training
l’crsonncl  grounding techniques
liSD-safe workstations and laboratories
I iSD-safe packaging
I iSD control facility audits
I;SD-safe handling procedures
I ;SD-protective clothing
(lmtro]  of relative humidity levels

2.1 R a t i o n a l e

‘1’hc rationale for an ESD control program is based on the fact that ESD can scvcrcly  damage  or
degrade electronic palls and systems. ]ndustry  estimates are that ES]) accounts for 10SSCS over $1
billion in the LJS each year. At JPL, over a two year reporting pcriocl (’91 -’92), approximately
30% of all electronic part failures that had failure analysis performed were attributed to ESD.

ESD-sensitive electronic parts include discrete devices such as cliodes, transistors, thin film
resistors, charge coupled devices, surfi~cc  acoustic wave devices, optoelectronic devices, hybricl
integrated circuits, silicon controlled rectifiers, oscillators, microwave solid state clcvices,  ancl
intcg,ratcd circuits. Integrated circuits are particularly vulnerable to IiS]) bccausc  of the small siz,c of
the const  itucnt elements and their low thermal mass and low breakdown voltage. I ;S11 will
continue to bc a problem affecting electronic parts, Semiconductor technological advancements are
making parts smaller, faster, more complex, and requiring lCSS power. As a result, electronic parts
arc becoming more susceptible to FSD.

By definition, ESD is the sudden transfer of c]cctrical charge between two objects at different
electrical charge potentials. Electrical charge, sometimes called static clectri~ity,  is a natural
phenomena that occurs from routine handling, fabrication, testing and usc of electronic syste]ns,
One  technique to generate static charge, the triboc]cctric  method, occurs when two dissimilar
materials contact and separate. The contact-separation prc)ccss creates either an excess or
deficiency of electrons on both objects. Since electrons exhibit a negative electrical charge; an
object with an excess of electrons is said to be negatively charged. 1.ikcwise,  an object  with a
deficiency of electrons is said to bc positively charged.

Onc example of the contact-separation charging phenomena occurs when a person wearing shoes
walks across carpet. The contact and separation between the carpet and the $hoc SOIC causes
charge separation within both surfaces. Opposite free charges within the pcrscms’ skin layer are
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attracted to the charges at the sole-skin interface: The result is a charge imbalance on the surface. of
their body. If the person contacted a conductive object such as a doorknob, free charges within the
doorknob and the person would suddenly move. ‘l’his sudden  movement of charges is an 1;S1)
Cvcnt.

Studies have shown that tribocharging  of the human body in the manner described above can
gcncratc  voltages in the 20,000V range. q’his  voltage, if allc)wcd to contact an HSD-sensitive
electronic par[ or system could cause devastating internal damage, (JIC method that is commonly
used to reduce human body charges to safe Ievcls is to electrically ground the person. Personnel
grounding is routinely accomplished using a wrist strap, whic}~  allows neutralization of the bcxjy
surface charges.

[;hargc can also be generated inductively. lnductivc  charging  differs from trioboclcctric  charging
since charge transfer occurs without physical contact. lnductwc charging results when one object
is placed within the invisible electric field of an electrically charged object.  “1’hc charged object
exerts a force cm the object placecj  within its field, creating charge separation within the object. If
the olticct were conductive and grounded while within the field, a net charge of opposite polarity
would be transferred. An example of inductive charging occurs w}lcn an electronic part is p]accd
near an elcctricall  y charged object such as an insulator that has been tribochargcd. 1 ntcrnal  part
damage may be induced depending upon the strength of the electric field. Techniques have been
dcvc]opccl  to protect ESD-sensitive (13 S11S) items from ckckic  fields, One example is the usc of
enclosing USDS parts within metal] i?icd barrier bags which blocks the. force and charging effect of
ttlc electric field.

If not cent rolled, ESD will induce damage within ESIX patls ancl  systems, This damage may lead
to cit her catastrophic failures (the part docsn ‘t work) , parametric failures (the part works, but not
c.orrcctly),  or it may remain latent  (hidden) only to fail at some time in the future.

isolation and rep]accmcnt  of catastrophic and parametric failures is usual] y possible, since they are
often revealed during product development stages. Replacement of latent failed parts may be
possib]c  depending upon the type of product. IIowcvcr,  replacement of a latent failed part on the.
majority of JP1. products is currently impossible, since these products arc spacecraft. A latent part
failure on a launched spacecraft could leacj to reduction of mission objectives or possible loss of
missicm.  Thus, the prime rationale for an ESD cent ro] program rcqu~rement  is to safcl y protect
liSD-sensitive parts and equipment against catastrophic, parametric and most importantly, latent
part failures.

2.1.1 Failure Modes

Common IBD-induced  failure modes arc listed below. ‘1’hesc modes are indicative of internal
damage sufficient to cause either catastrophic or parametric fi~i lures. l,atcnt  damage is (Iifficu]t,  if
not impossib]c to detect.

1. C)pcn circuits.
2. IIard s}lor[ circuits.
3. Resistive short circuits.
4, Leaky input/output current.
5, intermittent operation,
6. llnstab]c  operation.
7. Functional Pdilurc,
8. out of spcc failure.

I:iguies 1 and 2 show examples of ESD-induced damage within an integrated circuit,
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]rigtlre 1. ScanIling  e]ectron  micrograph (x300)” showing internal circuitry within an
circuit. Arrow denotes l“iS1 l-damaged location.

integrated

]iigtl~e  20 ScanIling  ~]cctron  n~icrograph  (x6000) S}lowing C1OSC-LI]>  of I~SI) damage denoted by
arrow in Fi~,urc  1.
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2.1 .2  Suppor t ing  I)ata

The JP1. PFR database was searched for failures attributed to 11S1). A partial list of I“XIJ-induced
failures arc shown in Table 1.

-—.—.
Table  1. P a r t i a l  l i s t  o f  Problendl%ilurc  IIistory  of IMI1-related e v e n t s— —

s/c Pm # Environment Dc.scription I~ailurc Mocic
— —

Voyager ~g62Q Ambient control logic #203 current high, bad ESII damagcci C M O S  IC —

Ic U54.—. — .—
(ialilco 44101 Ambient CCD i m a g e s e n s o r  g100 no IHSD shorl causcci by 1;S1).

response (o light
. —

Mars 1)0850 Arnbicnt
——

When turning systcn~  on, lhc CCIJ lN1) {ianlagcci ccr)
l’a[hfinder did not deliver an image.

. —
lJlysscs 3648 Ambient Phase multiplexer switch moduic CMOS switch shor[e.d  due to 1;S1),

i nopcrat  i vc
. — —

WI’] ’(: 1 i 53937 Ambient CCI~ failed to image properly. INI> ciarnagc c a u s i n g  short i n
output gate region

.—
Cassini IJ0436

———
Amhicnl ~atcs of CiaAs I:lWS were shorlcd IiSI> {ian)agc

. — —

3 . 0  ‘J’radcoffs

The ES] 1 control program tradeoff considers the cost of implementing the program versus the cost
of incurring ground based (catastrophic and parametric) and flip,ht  (latent) failures. Ground based
failures result in increased costs for troubleshooting, part isolation, parl removal, and schedule
slips. Relating a cost to latent failures is dependent upon the amount of mission objective lost aJIcl
the monetary value of lost spacecraft science data.

4.0 R e f e r e n c e s

1. J}’]. D- 1348, Rev. B, JPL Standard for Electrostatic Djschargc (MSD) ~ontrol,  March 1996.

s.0 B i b l i o g r a p h y

1. McAtcer, owcn J. “Electrostatic Discharge Control”, McGraw-I Iill, Ncw York, 1989.
2. Reliability Analysis ~cnter,

Guidelines, Rome , New York,
3. American Society for Materials,

“131cctric~l  ClverstressffUcctrostatic  D i s c h a r g e  (ECXYHSI))
1995.
“ Microelectronic Failure Analysis” , Ohio, 1993.

I
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& SDacccraft GrOundjl]g Requirement

1 . 0  (lbjectivcs

The objective of grounding requirements is 10 have a grounding architecture that minimizes
electrical noise and interference between the various electrical and electronic components of a
spacecraft.

2 . 0  ‘1’ypical  l{equirmnents

Electrical and electronic grounding of a spacecraft flig,hl system must bc coordinated by the system
integrators. The system integrators must define an architecture (framework, plan, ground tree) thi~t

specifics the grounding paths and electrical isolation of power and signal interfzzces.  II is dcsirab] c
to have a grounding system that prevents mission failure of a single short circuit failure of the
power bus to chassis. The architecture must be clear and understandable, and verifiable by
measurement. Each subsystem or other clcmcnt  must be designed to coordinate and bc compat iblc
with the system level grounding architecture. When buying off-the-shelf equipment, it may be
appropriate to modify best practices if on] y minor performance degradation is cxpcctcd.  Whatever
is used, there must bc clear and complete documentation of the rules, and a separate explanation of
why the final grounding architecture was selected.

The $rounding requirements generated by the system integrators should include the following
intcrfaccs:

Sing]c voltage power distribution or multiple voltages.
Power bus chassis isolation.
Power source isolation,
Power interface load isolation.
Signal, command, data, and telemetry interface isolation.
Attitude control interface isolation.
RI; interfaces.
Pyro intcrFdce isolation.
Special interfaces.

q’ypical requirements arc as follow. The bigger the satellite and the greater the cost and reliability
needs, the more it should comply with the “best practices” identified in each paragraph.

single or multiple  voltage  power distribution, Many spacecraft distribute a single voltage such as
28 volts, and the user loads provide isolation and power conversion as needed at the load. Best
practice for larger spacecraft is to have the user loads isolated; this is implemented by a sing,le
volt a~c distribution, with isolation and power conversion sup]>]  icd by the user load.

~~.wcr  bus chassis isolation. Occasionally a spacecraft failure is attributed to a short circuit from
the power bus high side to chassis. This can bc eliminated by isolating the power system from
chassis. Best practice for larger spacecraft is to have the power system isolated by some dcgrcc
from the chassis. This deviates from common practice, where the battc~y on some common point
is connected to chassis. Also, an isolated power bus may generate more radiated noise that cou]d
interfere with ]OW frequency e]ectric field measuring cxpcrimcnts  on satcl]itcs.

Power source isolation. Isolation of the power source (solar array, battery, etc.) is a natural.—— —
consequence of the spacecraft grounding architecture. The source should comply with the ground
fault or other requirements of the spacecraft. Best practice is to keep the power soutce
ungrounded, and have chassis grounding done at a separate well-dcfinccl location.
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Power interface load isolation. User loads should comply with the system requirements. Best
practice is to have user loads electrically isolated from the main power bus in the. power cmvmcr.
‘1’his prevents chassis ground loops (no uncontro]]cd  power currents in the chassis). The user then
provides chassis ground references for their internal secondary voltages.

S@!al, command, data. and telemetry int~~kc isolation. Signal electrical interfaces usually early
a ground wire across the interface. Best practice is to IX isolate the interfaces from one subsystem
to allothcr  to prevent ground loops. isolation of grounds is preferred.

~t.ude  control interfidce isolation. Attitude control subsystems are spccia] in that their sub-
clcmcnts  are located in many places on a spacecraft. Also, they may be purchased from many
vendors. Best practice is to keep their ground refcre.ncc clcctricall  y isolated from chassis at the
sensor devices, and provide chassis ground reference at the attitude control central location.

RF interfaces. RF signals have capacitative  coupling to ground. Best practice is to run such
signals in coaxial cables, The coaxial cable shield is electrically attached to chassis at numerous
points.

Lyro interface isolation. Pyro devices (squibs, electrocxplosivc  devices) are operated by a large
current (5-20 amperes) which has the possibility of coupling noise onto nearby victim devices.
Pyro devices, during firing, can create a transient ground fault connection from the power firing
lead to chassis due to the hot conductive plasma of the explosive charge. Best practice is to have
the pyro firing unit electrically isolated from the power source, its signal and comman(i interfaces,
and from chassis. This will limit the firing current to bc contained in the firing wires only.

&ccial interfaces. Special grounding requirements may be imposed by some users, especially
scicncc instruments. The system integrators must bc sensitive to the needs of users. ~oordinat  ion
at an car]y stage wi]] pcrlnit inc]usion  of these spccia] nccc]s  intc) the grounding architecture p]an for
a spacecraft.

Figures 1 a and 1 b illustrate best practices for all these concepts, ancl also illustrate a clear
documentation of the “ground tree”.

2.1 Rationale

The rationale for having knowledge and control of the spacecraft grounding is to reduce the
likelihood of electromagnetic interference problems during operation, and to reduce the. like] ihooci
of in-flight failures caused by possible ground fault modes.

2.1.1 Relevant l~ailure Modes

~~ailurc modes for grouncl faults inc]udc:

]. ]’owcr bus shorl circuits to chassis, with power loss or mission ]0ss.
2. l’yro firing fault currents to chassis, with resultant noise at victim dcviccs.
7. . “Ground loops” of current through chassis, with electrical noise ancl magnc.tic fields,

2.1.2 Supporting Data

Supporting data may bc found in JP1, D-13427 (to be published), and is summarized in the
following table of flight failure histories. Table 1 shows a history of spacecraft that support these
recommendations.
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Table  ] . System  Grounding ancl Isolation llsc.d in Various Spacecraft
— .—
~, pacc -
craft

mlcr-2
(1962)

—  .—
Viking’7S
Orbiter
(1975)

—  .—
VOyiigCI
(197”7)

—  .—
Scasal
(1978)

—  .—
Magcllan
(]9~9)

GmG--
(1989)

— .—
Ilubblc
(1 990)

Mars
Obscrvcr
(1992)

—  .—
Tol’m
(1992)
—  .—
NOAA-13
(1 993)

~i~

—  .—

l’owcr
s’. jstcm
typcl
voltage
Solar
array slbatt.
3(I VDC; 50
V rms, 2.4
klly. AC
Solar
array slbatt.
50 VA~; 30
Vl)c

R1’(i 30
VDC;
50 V rnls,
2.4 kHz AC

Solar arrays
&
battery

Solar
array s/batl.
28 VDC; 50
V nns, 2.4
kllz. AC

R1’G 30
VIE;
50 V rnls,
2.4 kH7,  AC

Solar arrays
& battery/
28 VDC
Solar arrays
&
battery I
28 vl)c/1 f)
Vl)c
Solar arrays
& battery I
28 VJ)C
Solar panels
& battery

R3’G I
30 VDC

Ground
Type
I’owcr

Rm (0
Strwcturc

lsolamd
from
struchrrc

Balanmd
to
structure

Isolated
from
structure

Dalanccd
to
structure

Baland
to
slructurc

sPci Rtn
to
slructurc

Rtn to
structure
with 2
“S}’G”S

Rtn (0
structure

S1’G  Rtn
to
Structure

Balanced
to
structure

isolation to
Structure/
Resistance &
C a p a c i t a n c e ’  -
NIA

AC 47 k 0}11))  to

str, each line;
1X 3k ohm
paralleled with
0.01 rrIi on return
to structure
A C  47 k ohm &
IX 10 k ohm
symmetrically
isolated & 0.1 UI;
DC return to
structure
?

AC 47 k ohm & -

IIC 2 k ohm
syrnrnctricall  y
isolatccl & 0.1 uT(
DC return to
structure
AC 47 k ohm &
DC 2 k ohm
syrnrnclricall  y
isolated & O. lu};
1 )C ret urn to
structure
l’ruc star ground, “
with very long
wires

N/A

NIA

NIA

2 k ohm each, higli
side and return to
structure; 0.1 uF
Rtn to Str .

Ground
Type,
Signal

Single ground
rcfcrcncc  with
isolated l}:s

Single grouncl
rcfcrc.ncc with
isolated IFs

Single ground
refc.rcncc. with
isolalccl  I/i;s

SI’G each
assy; ll;s not
isolatcci

Single ground
rcfcrcncc with
isolated I/l:s

Single. grounci
rcfcrcncc with
isolatcci Viis

Multipoin(;
str. currents for
signals
Multipoin[;
Str currents for
signals

Single gncl rcf
w/ isolated 1 1‘s

Multipoinl;
str. currcn[s  for
signals

Sir]glc ground
rcfcmcc with
isolate.d lll;s

Ground
Type, l’yro

Swi[chcd from
battery

1s01. Sk ohm
ancl 0.1 uIi 10
Str.

]s01. Sk ohm
and 1 01: to Str.

Isol. Sk ohm
and 0.1 u}; to
Str.

1s01. Sk ohm
an(l O. 1 UI; to
Str.

NIA
(No PY1O)

Rtn 10 Str

Switched from
battery

Rtn to Sir.

]S01 . Sk 0})111

I)C & AC

Grounrling
Problems

Short to S{rV
rmc solar arl ay

Invcrter failc~

rr[ 1 ~~nclcr
rclcasc  pyro
event.

[;alsc tclcrn(~
readings at
pyro  fire:
cause: 1 rrF;

Slip ring shti
hi to low may
bc. fail cause at
6 morrths
Anomaly af[=
SRM c~sinS
rclcasc pyro
event

Slip ring IC;K
pwr to chassis.
(acccptablc)

None (NOl’~
very low ohms
isofalion)
100%J”  loss; —

cause
unknown;
ciuring pyro
event
Norm  —

“1 li-sicic shorT_
(0 Str 1 rno
after launch.
1 00% IC)ss
sch.  1997 —

launch.
Sec. Api>cnclix
A

NOIT3S: Rtn: return; Str: structure; some cells may bc left empty duc to lack of applicability
(“N/A”) or lack of knowledge (“?”)
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3.0 T r a d e o f f s

lkilurc  mode sensitivities and cost tradeoffs for the grounding design arc illustrated in Table 11.
The primary design variables arc as listecl  in “desig,n control parameters”. Each design parameter
may be a cost driver.

Table 11. Control Parameter Sensitivity and Cost
.— .—
Reauire.

ment.—..  .—

kctrical
md
Jcctronic
ymunding

.—. —

l)esifm (%ntrol c o s t ~lurc_
l’aramcti

Scnsitivitv  t o  [Jsc o f  I)c.Q  -

ill. Paratnctcr
-j ~ j ~ ~ Q ~

I. sing]e or many V. o power high side N Y Y y y y y
distribution short

L power bus chassis + pyro fault N N N N N N N
isolation current

1. power source o ground loop Y Y Y Y Y Y N
isolation noise

1. power bus load + ground loop dc Y Y Y Y Y Y Y
isolation msg.

i. signal interface -t
isolation

i. attitude control IF +
isolation

‘. RF interface o
— -—

isolation —
1. ~Jyro interface +

lsolat ion
10 Spc,cia]  in~crfaccs +

-g
T-

T-

T-

-Y-
—

—

—

—

-g-
TF

—-

N

— , .

}

- - -

Y

—-

—..

— -

—.

1 1 1 1 1 I I 1

;ost: + = more to do; I Scnsitivi~s  parameter controls Pdilure ~octc

—.
—-
--

I = none L_J----- -

4 . 0  Rcfmxmccs

1. “JPI, Spacecraft Electrical Grounding Architecture Design G~lidclincs,”  JI’I, D- 13427 (to be
.

published).

66



6.1
A

A 2.1
Ah

1=-11 PPS

30 VDC

Pk>l:

~K+~P

7
Al 4“ Lk 10.lPF SENS

RTG 2
30 VDC RTN

J. I 11----

9)K

.,,wRTG 3

Note:

{

I j PwR CONTROL & DISTRIB.

r—

d

9INMS

74.0

[

SIC
LOADS

UNSW
LOADS

Sw
LOADS

.-— — ..— ———— ———— -—
r- ANT F_NNA  ASSEMBLY

,1

+. Separation Plane

~IMIlt,  mtemal  chassis  connections 89.0

R22q IEJ rg,f5q EyJp

—.
KEY: ,Subsystem  Chassis

/,.4
ircuit  Common Ground Tree

CirCUil  Common 10 Subchassjs
““w-y  a,Q,  ,, (external single point ground))

_ Subchassis to S/C Electrical Bond

‘GROUND  TREE NO,—.— .

NOTE: Except for power, pyre, and REU
signal returns, this drawing indicates in
which assembles each ground tree exists

FIGURE 3-260:-02, CASSINI  GROUND TREES, Page 1 of 2

l~igurc  1a. ll]ustration  of 13es[ Practices for Electrical Grounding and
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HGA
NOTE: Except for power, pyre, and REU
signal returns, this drawing indicates in
which assemblies each ground tree exists .

Bav 10

7SHOI
ssw- 1
[ . ..1 [. ‘

~---~_ ____ 3;.

Bay 12

?mol

q

ACC-1

+

7.3.5

1
70E01 7GE02 70A01 7GAo? 70A03 7QAC4 7VEOI ?vE02

[q~f+f:i--~:;l [s}-f:!] ~?jj--[’q
7.5.3 7.5.1

71U01 7,U02 7SR01 7SR02

L-JJ

7.6.1 7.6.2 7.6.4 7.6.5

AACS Ground Trees

11/21194
(2189H)

Figure 1 b. II]ustration  of Best Practices for Electrical Grounding and Documentation (2/2)
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13. Flisht Klcctronic  Parts O A  lnspe~tjon  Iiuircmcnl

1.0 O b j e c t i v e s

IJligh(  clc.ctmnic parts quality assurance (QA) ins~mtions include rccciving,  prc-scrccn,  post-
scrccn, and kitting  inspections on flight  parls.

7’l]c obicctive  of performing receiving inspection on electronic parts is to screen out visual,
ciimcns;onal,  and pedigree rejects, particukuly  Iot-related re@ts  at the. earliest possible time.. The
objccfivc of performing pre-screen  inspection is to maintam traceability of serialize{i  electronic
parts, while the objective of performing post-screen inspections is to identify electronic parts
(iamagcd  ciuring screening (can bc any kind of mechanical or electrical tests), m well as segregating
screening rejects. ‘J’hc objective of performing electronic palls kitting  inspection is to verify that tllc
parts have successfully passed all of the required tests and inspections. Kitting inspection also
verifies that the parts arc flight read y and that ai i ~lol~-collforl~lat~ces  have been propcrl y
dispositioned.

2.0 Typical Requirements

1S() 9001 paragraph 4.10.2 requires a supplier to ensure that the incoming product conforms to
spccificd  requirements by means of inspection or other verification method,

h~ASA 1 landbook 5300.4( 1 B) paragraph 1 B705  requires inspection to verify compliance with
purchase order or contract specifications. q’his  inspection is performed cm procurccl atlicles  prior
to installation into the next higher assembly level. TIE inspection also includes records review.

Receiving inspection of electronic parts consists of
1. Visuai inspection of 10070 of parts under magnification.
2. Vcxification  that the parts are as specified on t}~c purchase order or requisition,
3. Verification that the Ch-tificatc of ~onformancc is accurate.
4. Sample dimension inspection.
5. Verification of other pedigree requircnlents, as specified by the Parts Specialist on the Parts

l’cdigree  Traveler (PPT). (Note: The Par[s Specialist reviews Aicrts applicable to the parts
ordered when generating the PPT.)

Prc-screen inspection of parts going out for testing consists of
1, cursory visual inspection,
2. ‘1’raccabiiit  y - recording serial numbers.

l’ost-screen inspection consists of
1. Visual inspection of 100% of parts under magnification.
2. Segregation of screened rejects.
3. ‘1’raccabilit y.

Kitting  ]nspcction  of electronic parts consists of
1. cursory visual inspection for handling damage.
2. Verification that all serial numbers are acceptable for flight, all discrepancies have been

dispositioncd, and all required tests and inspections have been complcteci.

2 .1  Rat ionale

Receiving inspection of flight electronic components is the earliest point at which lot relatc(i defects
can be identified if no source inspection was pcrformc(i at the manufacturer. Problems with parts
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should be identified as early as possible so rerl~edial  ac[ion (e.g. return parts, have a new lot
producc(i,  or rcworkhcpair  of parts) can be accomplished prior to start of assembly. “1’his will
minimiz.c schc.du]e and cost impacts to the Project or ~;xpcrimcnt. Schedule and cost impacts for
“difficult to procure” parts maybe great  if defects are not idcntificci before assembly.

Manufacturers or distributors of electronic parts typically do not accept parts for replacement more
than 60 days after delivery. Parts arc often purchased months or years before being kitted to the
}’reject or Experiment. Rejects discovered after that time might not be eligible to be exchanged for
Sood parls,

l’rc-Scrccn  inspection helps maintain serial number level traceability of the parts by identifying
which serial numbers go out for screening. When partial lots arc tested, maintaining this
information is important for part configuration manap,cmcnt  .

Post-Scrccn inspection allows identification of parts which have been damaged during testing and
handling, It also allows  parts to be segregated from flight-ready parts in Project Stores until
cpral ification  testing is completed and data is revicweci, 3’hc rejects can then be removed from the
lot prior to the good parts being blue scaled and placed in Project  Stores.

Kitting inspection is necessary to verify that the electronic parts have passed all testing and
inspections required by the Part Pedigree Traveler (ITT)  and that known Alert-suspect parts are
not k itted to the user. The PPT is the menu of requirements for a lot of parts for a Project or
Ilxpcrimcnt.  PPT requirements are defined by Electronic Parts Engineering, Section 507. Kitting
inspection verifies that the parts being delivered to the Project or Experiment are indeed acceptable
flighl quality parts.

It is important to note that prior to May 26, 1994, visually good parts were blue sealed & placcci in
Project Stores. All palls were expected to have kitting inspection, so the configuration
management aspects of the part, e.g. Qualification testing (QCH) completion, passing Ilcstructive
Physical Analysis (DPA), data review completion, and x-ray inspection completion, would be
verified at that time. in effect, any part procured prior to June 1994, those with a trace number less
than QFOO1, may be blue sealed in Project Stores but may not bc complete] y fright worthy.

2,.1.1 Failure Modes

A sample of the type of tiefects which can be identified by the four different inspections is listcci
below:

Rccciving  inspection:

A.
1.

2,

?. .
4.
5. .

6.

7.

Visual
Cracks in glass seals may cause loss of hcnncticity  which can lcaci to internal corrosion or
performance degradation - can cat away at conductors inside parts, causing opens.
~mcked  ceramic bodies - damaged internal conq]oncnts, loss of hcrmcticity which can lcaci to
internal corrosion.
I)amaged  or bent leads - not able to solder, not able to assemble due to configuration .
Hxposed  metal plates on capacitors - easily shorted by small conductive particles.
Parts marked incorrectly or illegibly, loss of date code or serial number level traceability - can
be a problem later if lot-related or serial number specific defects are later discovered.
Flaking, blistering or damaged metal plating - allows fullher damage  to part if corrosive agents
e.g. salts or water arc available, introduces metal particles to assembly which can cause shorts,
inability to solder.
Foreign material / contamination on the body of the part - if conductive, can cause shorts; if
corrosive, can eat away at the metallization,  introduce contali~ination  to the assembly.

1
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B. l)immsional
1. out of tolerance dimensions - parts may not fit on boards or in assemblies.

~. PecliQrce
i.’
2.
?. .
4.

Aiert  l~iinst a parl - industry wide or JP1. known problem with a manufacturer’s part.
Wrong part / wrong value.
Pcdigrcc problems - e.g. source inspection was required but not performed,
Missitwdincorrcct  ~crtificatc of conformance (~ of ~) - statement from manufacturer that par[s
were n~~nufacturcd  & tested as ordered.

l’re-Screen inspection;
1. Gross physical defects.
2. ‘1’raccability maintenance.

l’ost Screen inspection;
1. V;sual defects - all those listed under lkcciving  inspection, especially :

a. cracked  glass seals - common with glass diodes.
b. Damagcdbcnt  leads.

I!i!.lilll  inspection:
1, Destructive Physical Analysis (DPA) failed or incomplete.
2. 1 )ata review incomplete.
3. Unscrecning  of parts e.g. x-ray, Partic]c impact Noise Detection (PINII)  test, hcrmcticity

test, etc. not completed.
4, Mcctrical  or mechanical rejects being kittcd as flig,ht.
5. Gross visual defects e.g. par[s which have been in flight stores for 10 years or more and

corroclcd  leads.
6. Waiver(s) incompletehnissing.
7. Wrong parts being kitted.
8. Wrong quantity  of Parts bcin~ kitled.

life

]avc

9. Wroni  ~erial  ~umbcrs being ~ittecl  - e.g. half the lot was tested, the other half was not, and it is
being kittcd,

10. Opcn non-conformanccs - liens against parl which have not been dispositioncd.

2.1.2 S u p p o r t i n g  l)ala

As a result of the Receiving inspection process, see Table 1, approximatcl  y 5% of the lots
inspcctcd  (excluding “capacitors and resistors) had anywhere from one part to the entire lot not used
for flight.

As a result of the Prc-Scrccn inspection process, see l’able 2, approximatcl  y 1 % of the lots
inspected had anywhere flom one part to the entire lot not used.

As a result of the Post-Screen inspection process, see Table 3, approximate y 12% of the lots
inspected had anywhere from one part to the entire lot not used.

As a result of the Kitting inspection process, see Table 4, approximately 6% of kit line items were
either not used at that time (returned to stores [RTS]), dispositioned Non-F] ight, or received liens
whicl~ were not dispositioncd  within two weeks. 1.icns not dispositioncd within two weeks
probably meant that some aspect of qualification of the parts, e.g. Qualification testing (QCI),
IJcstructivc  Physical Analysis (DPA), or data review, was not comp]ctc at the time of kitting,
putting the lot at risk for bad parts being kitted to the project.
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‘h’ab]c  1. JI’L Flight  Elec t ronic  Par ts  Rccciving  lnspwtion  lkfmt Rates  (All
hOjfXk)  J a n  ’93 . h~ay  ’96— .—

r Disposition of discrepant material: I
—

% of lots
receiving

inspected wit]]
SOnlc  p a r t s  or

e n t i r e  l o t  n o t  oscd—.
# # (% Accept —

Scrap Return
Part I.ots I/ots Rcjctd

O p e n  = % % ~ —. crap,
able **

lnsp
o r t o

type
Not

Jtejc Rcvng Open NF’I’ or
LJse Non- Vendo l)isposi

ected ctcd Inspe R TV
As ]S Flight tioncd* ction—-. (NIW) (RL’)Lll Cx(’cpt 1075 121 11%

IQ@islr 50 14 4 5 4 8 1% s%  —

,11 Parts 33?,5 180 s% 62 28 64 18 8
—

~ilors 470 28 6 % 2 %  _
2 10

28
8 8~a”ls/ 12 43%

. 3 Vo
killators 7 1 3 1 4 To 1 I %  —

HFs’ 203 38 19% 21 3 12 1 1- 13 3 23% 1
6 %  —

EaR. 23 0 0%> 2 1s% 0%  —

%x!i” . 0 %  —

ltcgrtiled 601 52 ~ Yo
ircuits 21 7 17 3 4 1 % 3%  —

jm=’ 12 ? 257. 1rctronics 2— . 1 7 %  —

clays
.

40 5 13% 1 4RR&s 1790 31 2%
. l o %  —

10[~ 9
4

0
11

o%
6 170  —

licrowavc . OVo —

-Wins 8 0 o%
RiRi%cr 36 0 o% — 0% _,
Fiiimors 102 11

2
678 8 =

1170 .
2

0%
— . 2 7 . 7%
—.1’1, Spcc 699 99 14%
23 rts 46 11 33 3 6. — 1 Yo s %
on-JJ’1, 4 . 5%
mrts - 20 18 27 15 4 2 To 1

* 1.ot may bc rejected for one part or entire lot.
**Acceptable disposition means that rejection was cleared up prior to disposition (e.g. needs a

waiver and waiver was obtained to close out discrepancy) or the condition was not technically a
re.jccl.

Note: Receiving and kitting  inspection of standard resistors and capacitors for all projects was
eliminated in May 1994 due to findings of low reject rates and low risk for clinlinatlon  of (11OSC
inspect ions.
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~iblc 2. JIB]. Flight  IHectronic Parts I’rc-Scrcm  inspect ion l)efcct Rates (All -

Pro,jccts)  Jan ’93 - May ’96— . —
Disposition of discrepant material: $% of  lots  pre-

screen inspected
with some parts or
entire  lot not used

. —
# 1AM # % Acmp- Smsp or Return open = % % Scrap, Non-llt or —

l’ort type lnspcct 1 Xltis Reject able Non- to Not open Rls
ccl Rcjcc l’rc- Usc As ** Flight Stores l)isposi

ted * $. crccn 1s
(R’rs) tioncd

lnspct
— .
All CXCCpt 243 6 2% 2 2

—
1 2 . 1% _

ctip/rcsi}t  r
All l’srrts 328 6 2% 2 2 1 2 . 1% _
mors 4 0 0% - 0% _
mm- 41 2 s% 1 1 . OYO _
— .
lntcgratcd 161 3 2%
Circoits

1 2 . 1% _

RmG’s 81 (1 o% . 0% _
‘ i  o r s 2S 1 4% 1 . 4% _
TmY’ 16 0 0% . 0% _
—  .

mmc 145 2 1 %
—

2 . 1% _
TmRXpcc 186 4 2% 2 1 1 (). s70

—,

~ble 3. JPI.  Night Electronic Parts Post-Screen inspection l)cfect Rates  (All I
Pro.iects) Jan ’93 - May  ’96

—..

Part  type

—  .—
All cxccpt
cap/resistr
All l’ssrt~
-or
-—
Ihodcs
—  .—
]ntcgrtitcd
Circoi!s
RFXWF
‘i=
—  .—
Other

l)isposition

?FT’kFCm
I I lnsnct I ‘n I

=l=B=I=
400 65 1690 12 3

0 o%
60 15 25% 2
183 18 I()?C 8 1

82 14 17% 1 2
48 II 23% 1
24 -1 29%

of discrepant material:

Scrap Return to open = Not
Vendor I)isposi

N&- (R1’v) tioncd
Fligt]t

38 I

48 2

13 t--t-

a3+-
+----l-

1 1

3-
35 I I I

% of lots post-screen
inspected with some

parts or entire lot not
Used

% % Scrap ,
Open Non-Fit or

I{’J’\’

12 %

12%  –

0% _
. 22% _

4 YO

—

1$% 12% _
21V0 _
29% _

~’able 4 lists defect rates at kitting  inspection for specific part types. ~’hefina]  numbcrtothcright
indicates the percentage of line items kittcd which were rejected and either not issued to flight
Projects or which were rejected and could not be used within 2 weeks of rejection.
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‘1’able 4. JI}I, Flight  Itlectronic  l’arts  Kitting inspection l)efect Rates (All
Projects) July ’93 - Mny ’96

l}isposition of discrepant material: % of kit line
itctns n o t  USCCI

# J/ots # % Accc Scrap l{ctmm Open = # Kits # Kits
—

7c Kits % Kits Open
IIlspctJ’tmt type cd I /01 Rcjct ptatrlc to Not Open Open

R cj Kit
Open >

N:I - Storcs 1 )i.$~msi
>2  Wcclis

WC * *
> 2  Wcck$ > 2 2 Weeks

ctrl* IIl$pc m - Kit t ioncd
or not used

As ]S Wcclis
d ion (NFT) not or not e.g. R’I’s,

Scrap, Nh-lnscd rsscd. —
All rwcpt 2991 248 8% 20 142 9 37 40 167 192 67.-~~sistr 6%  —

All Pssr(s 3348 257 870 21 146 9 38 43 m4 I 99 5% 6% —
~;,itors 58 * ~ 5% 3 3 3 s ~6

T&i&

5 %  —

467 21 4 v. 3 12 2 4 16 18 3 Yo 45Z0  —

-—
lntrgmled ] 974 189 10% 12 103 9 32 33 125

—
Circuits

147 6 % 7 %

‘Miors 299 ~ 2 v. 1 4 1
—

3 4 170 1 ?0
%:

-’mmT 313 21 7 ~o 3 15 3 x 13 4% 4 Zyo ‘---—
{)thcr 237 17 790 2 12 3 14 14 6% 6% —

~(ing ]nspccticm  of standard capacitors and resistors was sto])pcd for all Projects in May ’94 —

due to low reject mtes.

Table 5 provides a sample of problems detected during flight electronic parts receiving, Post-
Screen and kitting  inspections on JPL programs. This information is entered by Quality  Assurance
(506) into the Electronic Paris information Network SystcJN (EPINS) maintained by Filectronic
l’arts Engineering (507),
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~~b]e  S. J]]]. IHectronic  P a r t s  R e c e i v i n g ,  l’ost-Scrccn  ancl Kitting  lns]mtion
Dercits

—..
Sprrcecrsrft

—..
Pathflnrtcr

Cmsini
AACS
Crrwini (3)S

Ctrssioi  MaE

MISR

Cmsini
Ctrtl
Cawini  RF’S

MISR

Crrssini
AACS
CJC AACS

Cassini
AACS
ScaWinrfs
c1 )s
M[{SLJR
MR
Cmsioi
AACS
Cmsini
CCCB
MISR

Cmsini
AACS
C~C Radar

Sir-C

Cawini
Radar
MISR

MISR

Cawini
1<1’1s
Cmsini
ma
MISR

Cmsini 1SS

Cassini
CCCa
Cassini  RFS

l’art
type

IC

Ic

diode

dicrdc

diode

diode

resistor

lC

IC

Ic

lC

xsistor

xsistor

xsis[or

diode

Ic

lC

Ic

diode

xsislor

filter

cryslnl
oscilltr
switch

Ofr(oc-lc
Ironic
xsislor

xsistor

Type
in$pcct  n

killing

rccciving

receiving

receiving

receiving

pm
scrccn
post
screen
post
screen
post
screen
receiving

post
screen
pus!
screen
pos[
scrccn
posl
scrccn
post
scrccn
kit(iog,

kitling

receiving

receiving

receiving

rccciving

receiving

receivin~

kit{in~

kitting

kitting

killing

kitting

Defect

Pathfinder did not fund JPI, <)A  rccciving,  inspection,
kit(irw. inspection nor DPA. ScaWinds shared this lot of
parts ;rith  ~athfincfcr.  1)1’A was performed on parts for
SeaWinds and failed duc to purple plague. Inspector
noticed that same lot had  been kittcd to Pathfinder project
Parts had rrlrcady been kitted (without QA kit inspection)
and smcmbled on boards.

Qualification testing (Iifc test, etc.) incoo]p]ete

22 parts lead damage.

Cracks in body of 90 diodes

12 parts cracked scat

1 part body dan)agc

126 parts cracked bodies

69 parts - marking error

6 parts Icad  damage

Certificate of Conformance (C of C) from mfgr is
incorrect.
3 parts-exposed base  rrlctal

13 parts-lid misalignnmrt

12 misccllancotrs

1 frarr - test incomplete

1 frar( ninrkirsg  error

Pedigree/corrfrgcrration - l)PA  pending, data review
incomplc(c,  QCI incomplete.

Parts cnoneously  kittcd without kiltillg inspection. Parts had
not bcmr  screcncd;  rmdcd I) PA, Qual, and data review.
J)imcnsioml - pcrrts  out of spec.

Aler(

9 parts  lead damape

6 parts marking erlor

94 pm-s lead damage; 6 parts platin~ problem

18 of 34 parts - void

10 pans - data review incontplctc. Open 8/25/94  till
3/14/9s,
I)PA  pending. [)pcn  9/20/95-12/14/95.

lest lncomplcle.  Open 6/14/94.9/20/94.

Waiver nccdcd.  Open 9127193- 101?7193

~~c-as-is
QC3=Qualit  y Ckmformance  lnspcctitin  testing

IWApcnding,  Opcn 5/4/94-5/16/94

‘= Non-flight D] ’A= Dcstructivc 1’hysi
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I)isposition  / Outcome

Not~-ilight. I’athfinctcr was
notifrcd  of problcm.
Another I)PA  of IIIC lot W:
pmformcd,the  purple
plague on these parts was
worse thanon the first I)PA

UAI,  Receive  andkilparls
prior to completion of QC1.
Non-flight.

Non-ffig,ht.

Open

scrap

Non-Flight

UA1

UAI

[JAI

Non-flighl,

U A I

Non-flight.

Non-flight.

scrap.

I)PA  failed, disposi[ioncd
UA1 6w,ccks  later. Ikita
review & QCI incomfrlctc,
dispositioncd UAI.
Project 10 relum parts for
screening. SIiK1.R  #63847.
[JAI

Non-flight

Non-flight

Non-fli@lt

Non-fliSht

OPHN

Accept. [)ata  revicw,ed &
acceptable.
ACCCPI.  DPAconlplcted

Accept. Test complctcd.

Accept. Waivcroblaincd.

[Mum  to Stores.

II Analysis

—-
~racc # ,

I)atc
Code
’87

9438;

)PA 1 .0[
#65i6;
SFK[.R

57?90
2}1101  I

9z2>,
1 CK;8.5  I

931(1
N3084 I

9~~7
3JW4 J

95 I ()
2KOSII

9326
3J131/
9320

1}1086/
9117

oKo26/
914:!

4G02r5/
9339

4G026J
9339

5JO07/
944?

41)(K17J
9412

4C2311
9303
I 1061/
902 ~

5AOofi
19520

41’.260 J
934?

3G?901
9315

11011/8
931

31101/9
41(I

3K099/
9341

4AO:!OI
9446

4c28t/
9247

2JO19/
9424

41060/
940 I

31083 I
9413

2ci(Ktl/
9308

3JOir6  /
93:!?



3 . 0  ‘J’radcoffs

“1’hc electronic part receiving inspection tradeoff considers the cost of performing the inspection and
resolving non-conformanccs  versus an increase in failures, cost, rework and schedule impacts due
to defects which go undetected or arc found at the board assembly or tcs[ ICVCI.

Receiving inspection of long lead-time, expensive, custom and hard to acquire items will enable
ProJcct or Experiment to receive the earliest notification possible if there is a problem. Early
notification allows for a rebuild, if necessary. ‘1’imely notification also allows for return and
rep] accmcnt of defective parts; this might not be an option if defects arc discovered at a later date.

Prc-Screen inspection is important to maintain serial number level traccabilit  y. Prc-Screen
inspect ion has the least payoff for the effort (least bang for the buck) of all the inspections. If
Project Stores would agree to identify which serial numbers go out for screening and provicle that
information to QA, then Pre-Screen inspection could be eliminated with minimal impact to quality
or reliability.

3’hc Post Screen inspection tradeoff considers the cost of performing the inspection and resolving
non-conformanccs  versus an increase in failures, cost, rework and schedule impacts due to defects
which go undetected or are found at the board asscmb] y or test level.

The kitting  inspection tradeoff considers the cost of Electronic Parts Engineering preparing the l)art
Pcdigrcc Traveler (PPT) and of QA performing the inspection and part configuration check, and
resolving non-conformances  versus an increase in fi~ilures,  cost, rework and schedule impacts due
to defects which go undetected or are found at the board assembly or test level. Kitting  inspection
should continue to be done. Kitting is the final check and the only gate to ensure all testing and
inspect ion arc complete prior to delivery to Projcc[ or Experiment.

The above tables contain data from palls procured primarily for ~lass  A and Class B projects.
These projects procured corresponding high graclc parts. If more commercial and low grade parts
arc utilized in the future, the defect rates arc expected to rise.
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3.2  Sens i t iv i t ies

Table 6. Control Parameter Sensitivity and Cost Sensitivity

—,
{rqll’ Control J’ararnctcrs I~A1l.UI{Il  MODE S e n s i t i v i t y  t o  l)cfcct ])ctection c o s t

lncnt: -t More Effective
O Neutral

-  l.css Itffcctive

—,
P 1. s h4 l;hl 1) G1 . cl’ [:0

};xtcrnal Visual Package (P) I zads (1,) + + 0 + + 0 0 0 - -t
lnspcc(ion Seals (S) Marking

(M) }lxtcrnal

l;orcign Mawial
(l~M) Ciross 1.cak

(GI /)

Sample Dimensional Dimcmsicms 1(} ’it or 0 0 - - - + - - - +
lnspcc( ion Function) (]))

I<ccciving }’cdigrcc C;hcck C13rlccl I’art/Value - - - - - - - +- + +

(cI’)
Configurati(J1l/Ccrtifi

cation (CC))

‘IC-SCJCCI1 ‘IYaccahi]ity Maintcnancc Con figurationlCcr[ifi - - - + - - - + -t +
calicm  (CC))

I’OSI llxtcrna] Visual I’ackagc (1’) Leads  (L) + + (1 + + - 0 - - +
Scrcrr) lnspcclion

Ki((iltg Cursory Visual Package (P) l,cacls (I.) o + - + () - - - () o
lnspcclion

l’cdigrcc  Check Configurate ion/CcrLifi - - - - - - - + -1 +

—, cation (CO)
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14Qualjtv Assurance Plan Re{luircnlen!

1.0 Objectives

AQualily  Assurance Plan is the mutua]]y agreed NpoJl contract with project m“ Expcrinlcnt, ]t
documents the planned level of quality assurance suppor(, and how it would bc implcmcntcd on the
Project or Uxpcrimcnt.

2.(I Typical Requirements

1S09001 paragraph 4.2.l  requires suppliers toprepare a quality manual which covers the quality
systcm of the supplier. in JPL’s case, the amount and type of qualily  supporl  varies depending on
the risk lCVCI designated for a project and on the specific requirements of the project.

NASA Handbook 5300.4( 1 B) paragraph 113206 requires the contractor to prepare, maintain, and
implement a Quality Program Plan which serves as the master planning and cent rol document. ‘1’hc
Quality Program Plan describes how the contractor would comply with quality rec]uircmcnts.

A Quality Assurance Plan is written at the beginning of the dcvc]opmcnt  phase c)f a Project or
1 ixpcrimcnt.  It defines requirements to bc implcmcntcd  on a Project or Experiment, including:

Quality program management and planning (roles, responsibilities, authority and reporting).
I]esign and development controls.
Purchasing/procurement controls.
Quality requirements for subcontractors & suppliers.
Approval, surveillance and auditing of subcontractors.
Source evaluation,
Residency at major subcontractors.
Rccciving inspection.
1 nspcct ion.

10. Planning.
11. Process controls (procedures and Assembly Inspection l>ata ShccIs [AIDS]).
12. Workmanship standards.
13, 3’cst surveillance: envjronmenta]  and final acceptance.
14, Post test hardware inspection.
15. Clmtro] of non-conforming material.
16, Records and reporting,
17, IIardware  reviews.
18, Spacecraf( opcra{ions  at JPL and launch site.
19. Handling, storage, packaging, preservation, and delivery/shipping controls.
20. QA verification of Safety requirements.
21, QA verification of Configuration Management controls.
22. control  of inspection, measuring and test equipment/ metrology controls.
23. q’raining and certification.

2.1 Nationale

in order to minimiz,c  risk, unforeseen cost incrcascs, and schedule slippage, it requires an up-front
plan by QLla]ity  Assurance and Project or Hxperimcnt  that specifics the, mutually  agreccl  upon
quali[ y rcquircmcnts.  ‘I’he QA Man states what and how it would  be. impicmcntcd.  The QA plan
gives ncccssary guidance to systcm engineers on hardware requirements. A rclcasccl QA plan
makes QA requirements readily available to Projcc[ personnel and provides a clear basis fm.
planning purposes (Ref. 1).
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}Iistorjcal]y, flight projects  have always had Quality  Assurance l’lans. QA Plans arc often written
to a nigher lCVC1 than the acknowlcdgccl  rjsk assigned to a Project. l;or example, a Class t2 projcc[
(as dcfinccl  in D- ] 489) might have a class C+ or class B QA Pl:in. in (hese hybrjclizccl  plans, the
basic  requirements of a class C project would bc mc[ and then sclccteci  requirements from class B
or A projects am added to minimize rkk  of failures or schcclule  impacts.

2.1.1 ]?ailur~  Modes

1,istcd below arc a few of the avoidable problems which a QA Plan addresses (Ref. 1):

1. Omissions and mistakes in planning QA opcmtions.
2. I.ack of visibility on QA costs.
3. Confusion among project personnel on QA requirements.
4, Unexpected requirements with hidclcn costs and schedule impacts.

3.0 T r a d e o f f s

The Quality Assurance Plan tradeoff consjdcrs the COSI of jn@enlcnting  quality requirements
versus incrcascd  risk of fai lure, schcdulc  delays, and cost impacts to the Project or Experiment ,
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15. Manufacturingg Process .l<eview Requi~emcnt

1 . 0  Objcctivw

Thcobjectivcof  aManufi~cturing  Proccss Review is
may pose a qualjt y or rcliabilit  y risk for the project.

to identify any problems at the vendor thtit
Process review aims to proactivc]y  identify

and control or prevent the use of new, unqualified, or uncontrolled proczsscs on flight hardware. -

2.0 Typical Requirements

1S0 9001 paragraph 4.9 requires contractors to control processes which directly affect quality.

NASA I lanclbook  5300.4( 1 B) paragraph 1 B503 states that the contractor (JPL) shall  COIl~LICt

appropriate quality assurance activities to ensure that our’ contractors comply with applicab]c
requirements.

Manufacturing Process Review takes place under the following circumstances:

).
?“.

::

2:
7.
8.

Part of a Pacility  survey or audit.
Project concerns - processes which arc new to the. contractor, new to industry or have a history
Of problems.
Occurrence of a failure.
lnactivc processes which are being reactivated.
Rvidcncc  that processes, procedures or equipment arc obso]ctc  or out of control.
Potcntia]  for cost or schedule impacts.
~J>crators ]ack training or required Certifications.
PI’OCCSS  experiencing excessive ]0ss or discreJlancy mtcs.

l’roccss review takes anywhere from one half day to a week depending on the complexity and
nLmlbcr of the processes being reviewed. ‘J’ypically a fidbrication, process or packaging engineer
from Quality Assurance or from another section at JP1, performs the review. JPL personnel with
several different areas of expertise may bc required tc) review all processes.

For a survey related process review, the engineer typically skims the procedures used in builc{ing
the device to identify critical processes or those with a history of problc.ms.

For all reviews, the engineer looks at the complexity and maturity (revision history) of the
processes. g’hc reviewer will goes on the floor to observe the operators performing the process to
sce if and how it is implemented, Review of written proccdums may bc done at JP1, if the “.
contractor allows copies of the written procedure to bc removed from the prcmjses.

Iheumcnts  that may bc reviewed inc]udc:

1,
2.
7. .
4.
5
i:
7.
8.
9.

}’roccdures.
Material specifications.
Process specifications.
Traveler (process flow sheet) most closely resembling what will bc bui]t for JPL.
Materials and parts testing specifications.
Cldibrat  ion requirements.
Contamination and 13SD control requirements.
Logs for such as ovens, freezers, bond pLIll test, die shear test, dyc pcnctrant test.
Project or task sJ>ccific  documents and drawings.
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The reviewer may: look at the machinery and overtcmpcrature  controls; inspect samples of items
made by the contractor; observe how discrepant material is handled; examine the qualification
status of equjpmcnt, personnel, facilities and materials; scc jf the operators unctcrstand  and opcralc.
to the current revision of the written documentation; and observe the operators working to the
proccdurcs,  if possjblc, Basjcal]y,  Ihcy want to scc that the contractor is doing what their
procedures say they arc doing and that their procedures tell thcm to CIO the right thing.

2 .1  Rat ionale

Process review allows for the jnclusion  of adequate controls and testing and for approval of
materials. This helps to insure that reliable products which meet the JP1, contrac( are dclivcrecl.

JPL often goes to Qualified Military Line (QML) or highly qualified contractors, and asks the
contractor to disrupt their standard flow and do things they have never triecl before. l’his k not
bad, but it does invalidate their certification or qualification for those processes which do not
follow the contractor’s approved flow. Process review assures that those processes outsiclc of the
manufacturer’s normal flow do not introduce unforeseen failure modes.

As onc of our process engineers wrote: “... wc are entering in an cm where reduction in cost has
driven JPI. to enter into purchase agrecmcnls  where li~anufacturers’  proccclurcs  are being, utilizccl  in
place of JPI, procedures. We are finding a number of instances on Pathfinder . . . that the
manufacturers cto not have a standard proccdurc  for building the parts which wc have rcqucstcd
and arc ctcvcloping  new procedures as part of the contract. In addition, wc arc doing away with
most on site inspections by JP1, personnel.” I IC rccommcnclcd  that J }’1. review production
documentation and qualification of ncw proccsscs  prior to the manufacture of flight hardware (Ref.
1).

Contractors who are new to JPI. shou]d have their processes rcvicwccl.  Ncw or rc-activated
proccsscs  of contractors familiar to JP1 , should also be rc.vicwccl.  Contractors who build JPI.
products on a QMI. or approved line may not need Manufacturing Process Review. Contractors
with mature processes which have recently produced flight hardware for JP1. projects with similar
rcquircmcnts also may not need this review. IIowcvcr,  restart proccsscs arc always troublcsmnc.
Ncw pcrsonnc],  obsolete processes and mcthocls,  overage materials, and ncw or worn out
equipment can nudge the process out of control.

Proccsscs  utilized on an ISO 9000 approved line may still need their critical proccsscs rcvicwcd.
1S0 ~000  Ccllification only establishes that the vendor dots what they say they arc doing. It dots
not stiy that they arc doing the right thing. 1S0 9000 surveyors can con-rc from any industry (c,. g.
text ilcs) so may not bc able to verify that contractor’s proccsscs  arc appropriate for space. .

2.1.1  F a i l u r e  M o d e s

Some failure modes (not Conmrchcnsjve.) that timch Droccss review can mevcnt inc]udc:
1.

2.

?.,

4.

5. .

6.

Appropriate cleaning stcp~ jncludcd  “on a travcicl:  can preclude cont~mination,  corrosjon,  poor
soldcrabjlity, poor bondability or poor scaling of surfaces.
Appropriate inspection steps included jn the process flow can prccludc  catastrophic conditions
from going undetected - defects that would not bc inspcctablc  after completion of assembly.
Appropriate choice of, certification of, and/or testing of materials (such as x-ray, dye pcnctrant,
and ultrasonic) can preclude structural y weak or impure materials from hcjng  used.
(“;ontro]s  on the shelf life, mixing and handlins of bonding materials can prccluclc poor
adhesion.
Periodic testing and correction of chemicals in bathing solutions can prccludc  flaking or
b]istcring of plating, poor welds, and poor soldcrability.
Proper weld schedules can preclude weak or fracturcc] weld joints.
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There arc often several interrelated causes for a problem, Expcrie.nccc]  evaluation is necessary 10
minimize the occurrences of problems, N e w  proccsscs commonly  ciisplay  ncw failure
mechanisms.

2.1.2 Supporting Data

‘1’able 1 provides a sampling of problems detected during manufacturing process reviews.

“’1’able 1. Problems Encountered l)urinc  Mannfacturinz  Process Review  for
Pathfinder and &sini I’roiccts.’”— .—

l’rojec
Pathf]tlder
Solid Stntc
Recorder

TmwFT
l)rivcr
Modalr’s

GRiT—
Iligh(
Cotnpuler

CKiT—
Solid Sti]tc
I’otl,cr
Switch
——.—
PalhflnrJcr
Cknvcrlcrs

.—
?mslnl
hunt
{rrdiator for
<TGs

5-s——
inp, inc
;indml
ictufltrrr
dolor
yonm)ukrtr
fvclds—,.
DQA 01

ISsuc
Part of SURVEY - Pick and pkrcc nmchinc  NIiW1.Y
MO I)lI’IEI)  try company held leads dcrwn during hot
bar reflow, causing lead  swain - latent  failure
nlcchanisrn
(1 )1’roblcm:  Anomalous behavior of flight spares lcd
to process review. After dclid - large IC eutectic dic
attach  material exhibited insufficient wct(ine.  [)ic  hrrd
hccn bonded without scrubbing due to Iarg;dic  sire -
NEW  PILOCHXXE.
(?)l’rior  to build: Contractor pkmncd to usc a irsw-
tcrr~permure  solder - NEW J’ROCEIXJ1U3  Use of
solder hrtd  bccrt  rcqucstcd  by JPL. Contractor srrid the
unit would not sec higher tcrnpcmtrrres  Iatcr.

Soldm joint F’All .LJfLES found on main flight conlputcr
smcks.  Units nmde  in Jrrpan,  should have been mrrdc  in
USA. Adhesive not consistently applied. Stack tilted &
frticturcd solder joint, }’rototypc Ievcl. No inspection
of futris  at contractor prior to” use.
Pioccsscs  rcvlcwcd  as part  of SURVEY  pr]or to budd,
Some protrlea]s with glass seal cracking/ttamtrgc,

Many problcn)s front survey through dclivel  y.
~1) SLJRVEY: J1’1. identified fact thrrt  roll scan] welder,
although pkmncd  for usc on IP1. build, was not
xrrrcntly in usc & no cxpcricnced operator wrr<
m~ploycd  at the phtnt  - R1:,-ACTIVATEI)  PfLCK?ESS,
2) FAI1.URES  - cracked capacitors at bottom of
wtcked  chip capacitors.
‘3) Part intended for failure analysis of anomalous
whavior was burnt up in oven, Specification for setting
wcn tcrnp  was written for Fahrenheit. Ovcn  could be
;ct for either F or C. Opcmtor  mistakenly set oven to
;elsius.
llSl ()]<Y  of electrical opens or weak weld joints on
ioyagcr,  Galileo and Mars Observer.
r ) Contractor’s pull-test cquipn)cnt jury riggcd-
ntroduces operator variables into tcs[s,
2) Up to 7470 diffcrcncc  in weld strengths between
liffcrent Ioyers of WCICIS.
3) Onc norn]al looking wc]d fell apart  duc to no
JInting on back side of Ii btron  wire.
‘l< OJEC1’ CONCERNS led to trroccss  review,
;tripping,  staking, swaging & weld operations:
1 ) Some wires rcduccd in width try 30% at stripping,.

2) Poor weld opcmtion-no  heat to wire, all to slot
3) Consistency, controls of operations were poor.

,,. .
~{esolution/  l{ccommcndation
Contractor, when n)adc aware by JI’1 of [his, took
nmchinc  off Iinc & did nc}t  usc for J} ’l. procoremcnts

( 1 )  1 hcse flight  s p a r e s  w e r e  no! trwd.  —

Reconlrncndation: QA review production
ckrccrmcntrrtion  & qualifrcatiorr of new processes
prior to the rnanufacturc of fliEh! hardware,
(2) J] ’l, reviewed process docuntcntation & found
that the units would srrbscqucntly  encounter
temperatures higher than the olcltirrg  point of the low
temperature solder. Contractor ended up using
conductive epoxy.

Concctivc actions can icd out by contractor
-rt.p]accn]cnt  devices mrrdc  at LJS plant
-uniform application of adhesives
-qualified parts
- ioow, inspection of parts prior to usc
Issues worked prior to truii(l.

—

—— ———
(1) Contractor used solder seal n]cthod  instead,

(2) Rchuilt parts,  adding stress relief& used epoxy
to bond to hoard  ra!}lcr  than solder,
(3) Procedure for ovens rc-v,,ritten,

——.

( 1 ) Contractor produced w,cld  srrnlplcs.  JPL hybrid
Iah tested S[llllfdCS.
(2) Contractor adjusted weld schcdulcs  to produce
consistent strcng~h  welds,
(3) J} ’I, rccon]lljendcd Ihorotr:h  inspection of ribbon
mirc~rim  to wcldin~.— —

( I ) Contractor, with JI’L. help, v.,rotc  w,ire s!rip
prcrccdurv - none existed previously.
(2) Another contractor performed law weld,
(3) With JPI, guidance, contractor inlproved  control<

I on strrkinF rrnct SWa’/illr2 operations.

SQA = Qwdity  Assurance memo number

——
Memo——
I’SQA
209-92
——
DQA #
9s- 2?0

——
DQA #
94-078
(Ref. 2)
—-
rcsol WI (I
nlgnlnt
r e v i e w s

(r<cf. 3) -

(Ref. 4)
(Rcf-. 5)

— — .
(Ref. 6)

(Ref. 7) -

(Ref. 8)

3.0 ‘J’radeoffs

The manufiacturin~  process review tradeoff considers the cost of rrcrformin~ the review versus the. .

I

potential impact t~ project or Experiment in the event of failure;  and incr~~sed cost and sc}ledLdc
delays duc to preventable rework ant] requalification re.quiremcnts.



Reviews clone at the time of contractor survey, cspcciall  y before the contract has been awardcci,
will yiclcl  the greatest benefits in terms of early notification and least schcclLde  impact, h40rc and
more, J]’I. is awarding fixed price rather than cost plus type contracts. Prim [o contract award,
process review of bidders with questionab]c  manufacturing practices and uncontrolled processes
wil 1 afforcl  JPL timcl y opportuni[  y [o negotiate corrections or take an alternate approach to the
procurement. This is espcciall  y important with fixed price contracts where post-awarcl  changes to a
contract can be very costly. Cost and schcdulc  savings can also bc cxpcctccl  when a better vcnclor
is sclcctccl. Prc-Award process review for fixed price contracts offer opportunities to contain cost
within the contract and identify hiclden costs of JPL contract oversight.

Process reviews initiated by the project before start of production in response to project concerns
will probably have a goocl payoff in terms of identifying issues before the parts/systcnls arc built.
These reviews, when done shortly prior to initiation of production, have onc advantage over a
review done prior to contract award in that there is lCSS time for process drift to occur.

Process reviews performed after a problem occurs arc more of a Fdilurc  analysis. ‘l’hey can help
iclcnt  ify the cause of the fi~ilure or problem and aid in prevention of simi k problems in the next lot.
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1.0 O b j e c t i v e s

Avoid recurrence of failures in flight that have occurred in g,round testing. Provide
memory.

2 . 0  ‘J’ypical  ltequircmcnts

lmplcment  a formal Prob]cnfi<ailurc  Reporting (P/l;l<) system applicable to qualification

corporate

and flif:ht
hard ware and soft ware. P/FRs are normally initiated at the fir~ app]icatior{  of power startin~’  at
board level testing and continues during higher level of assembly and testing through system and
flight.

2.1 Rat ionale

The formal PllX approach provides a sy$tcrnat~c way of doculnc.nting;  ancl verifying, analyzing,
risk rating, and providing rigorous corrcctwc action to minimize the likelihood of rccurrcncc of the
problem. Further, for those problems that arc fiitcci high risk (i .c., significant impact on the
mission and some uncertainty about the corrective action, thus mtcd “Red Flag”), project
management (PM) can participate in the, P/FR closure process. Jf PM considers the risk too high,
a(iditiona] resources may be appl icd to reduce the liimlihood  or scverit  y of that risk.

2.1.1 Relevant l~ailurc Modes

This preventative measure is equally effective against all possible failure modes, but does not
specifically avoid any particular one.

2.1.2 SuJq}orting Data

1 brnml I’/FR systems have direct benefits to a specific project in the form of identifying mission
risk issues associated with problems found during ground  testing. There is also an indirect benefit
to that same project derived from the P/FR rccorcis of prior projects. ~’hc indirect benefit has
several forms, including: 1 ) searchable PIFR databases on prior programs and 2) reports on P/FR
trends etc., on past projects. One such report (JPI. D-13482), dealing with in-flight “parls-rciatcd”
problems rcvcalcd  that about half of the in-flight problems have been previously manifested (iuring
grounci testing. Still another such report (JPL D-11 383), cicaling  with “lJplink/Downiink”
anomalies, concluded three anomalies rclatcci  to the uplink/downlink  process that occurreci  in-flight
had previously occurred during ground tests, but at least two of these were discounted as havinl;
minor potential effect in-flight. The most significant finciing  of the later study was that five of the
six JP1. spacecraft studied would have experienced a catastrophic failure of the up]ink and/or
downlink, if not for designed-in redundancy. Roth of these rcporls point out the extreme
importance of understanding the “Physics of Failure” of the ground test problems if in-flight
problclns are to be avoided. This point wiil be cspcciali  y criticai in the Faster, Better, Cheaper
(FBC) programs where cost constraints will tend to drive the projects to single string  (non-
redundant) hardware designs.

A third study (JP1, D- 127’71 ), entitled “Correlation of the h4agcllan IJlight PFR Ilistory  with
Ground-test Results”, observed that JPL ncc(is to work closely with system contractors to assure
ti~at problems encountered during  spacecraft devclopn  lcl]t are adcquatcl  y addressed ~JId ri Porous
corr~ctivc  actions arc implcment~d.-
their subcontractors and suppl icrs.

1.ikewisc, the ~ystem contractors ~ccd to do the san;e  wit}]
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The future FBC environment, combining pressure
system contractor, makes the above conclusions
SHCCCSS  of their missions.

2.2 Methods

for single string clcsigns and development by
and observations even mom critical for the

For some time the P/FR systcrn  has been transiticming  from a “paper” systcm to a fully functional
windows/MAC computer-based systcm  available to all JPI. employees. Any onc observing an
unexpected event or problcm  with hardware or software can initiate a Pfi:R. l’he problem
symp[oms  are dcscribcd  in as much detail as possible at the time the event occurs. As the problem
is at~al  yzed,  the dcscript  ion and root cause of the problem can more accurate] y bc idcnt i ftcd. once
the problem is properly identified and analyzed, the appropriate corrective action can bc cicfincd
and implemented. Afler this is completed the P/FR can be. closed by appropriate technical and
management signatures. All of the above process steps arc documented in the. P/FR computer
database that is continuously available to project and laboratory personnel from the time of
initiation.

3.0 Tradeo f f s

As with any mitigation process, the cost of implcnxmtation  versus the avoided cost of fLltLlrC
fi~ilurcs is balanced. History has clearly demonstrated that the benefits of the formal }’/FR system
grcatl y outweigh the implementation cost, so there is no question about the need for the 1’/1 R
sys(c.m. The only issue is the implementation details. That is, what hardware and at what point the
l’fl JJ?s arc wrh[cn and the rigor used in the analysis and closure of the individual problems.

3.1 ]Lffcctivcmcss  V e r s u s  ]~ailurc  Nlodcs

As mentioned in section 2?. 1.1, the P/FR systenl  CIOCS not avoid any specific failuJc moclc,  but does
rcdLlcc the chances of problems experienced in ground testing from recurring later in ground tests
and/or during the flight phase of the program. As the test program procccds and problems occur,
ancl their P/FR worked and propcrl  y closed, the likelihood of rccLlrrcncc  of these particLdar
problems should bc significantly lower bccausc of the awareness of prior problem and its
corrective action. As with any of the many failure prevention proccsscs, the Pfi;R systcm is not
100% cffcctivc. The success of a project’s P/FR system is a function of many fi~ctors, including
rcsourccs (i ,c., people & dollars) that can be applied to resolLlt ion of the problems and schcdLlk
slack available for these resolutions. A not hcr inlporlant  fidctor is t hc accLlracy of risk  jLldgnlcnts
associated with each problem.

3.2 Sens i t i v i t i e s

‘]’hc cffcctivcncss (E) of inciividua]  P/FR parameters (I’) in preventing future failures of the same or
rc]atcd t ypcs, for several Pdilure detection ICVCIS, is depictccl  in ‘J’able 1. The cost function (p) is
also depicted for each P/FR parameter.
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“1’able 1: Problcm/FailLm2  Process Parameter Smsi(ivity
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KEY WOI<l)S.—

Accclcration,  10
Acoustic noise, 5
Alert, 69
Analog microcircuits, 15
Analysis & verification, 84
Arr}lenius reaction rates, 40
Automated P/FR system, 84
Bipolar transistors, 15
Cause code, 84
CMangc transfer, 59
~hargc  coup]ed  devices, 59
~hclnica]/diffusion  mechanisms, 40
Circuit worst case analysis, 15, 32
(lassica]  circui[ analysis, 32
Coefficient of thermal expansion, 40
Cold duration, 40
Cold temperature level, 40
(~ommcrcial graclc  parts, 50
(lmfigura[ion  management, 69
Contract, 78
Contract, 80
Ckwona clischargc, 40
Corrective action rating, 84
Corrcctivc action, 84
Ckmosivc  gases, 50
Critical process, 80
Cycle  fatigue, 40
I>crati’n&.  32

c..

IIesign  deficiencies, 5, 10, 15,21,32,35
l>csign  integrity, 5, 10, 15, 21, 32, 35
Desig,n qualification environment, 5, 10, 3S
l)csign  rcquircmcnts  verification, 5, 10, ] S,

21, 29, 32, 3S
Design requirements, 5, 10, 15, 21, 32, 35
I)cstmctivc  physical analysis, 50
IIcvclopmcntal  P/FR, 84
l>ic shear (attachment) test, 50
l)igital microcircuits, 15
IJimcnsiona]  inspection, 69
IXodcs, 15, 50, 59
l)isplaccmcnt cffcctshnateria]  changes, 1 S
IJoculnent  change control, 55
Dwc]l time, 40
Electrical components, 15,21,29, 32, 3S
Electrical grounding, 63
Electrical isolation, 63
}ilcctrical  malfunction, 15
E]cctrical  stresses, 40
Elcc[ro/structurd  interconnects, 40
Electronic grounding, 63
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1 electronic packaging, 40
lllcclronic parts, 69
};]cctronic-circuit  components, 1 S, 21,29,

32, 35
l;lcctronics,  15, 21, 29, 32, 35
1 {nvironmcntal  radiation modc]s, 15
l{nvironmcntal  stresses, 40
1 SD control program, 59
I{Sl)-dar~laged/degraded electronic palls, 59
IND-safe  workstations, 59
I ~xcessive.  disp]accment,  5, 10
lixp]osivc dcvicc,  10
I;xtcrnal  polymeric surfaces, 1 S
I;ailurc Modes, IIffccts & Criticality Analysis

(l’MECA),  29
l’light  IllW or S/W, 84
Formal P/FR, 84
l;JCqLICJICy  s})cctrun~,  5, 1()
Functional block diagram, 29
Gate arrays, 50
Grounci test, 84
Grounding techniques for personnc], S9
(irounding,  63
1 VW 1 ,c.vel
(]] Oarc],Asselllb]  y, SLlt>systclll,Sy stclll) , 84
IIardwarc  compatibility, 3S
Heat-sink, 40
J lcrmctic  seal leaks, 50
Hcrmcticity  testing, 50
1 ligh voltage circuit/dcviccs,  40
1 ligh-gain antennas, s
}-]ot duration, 40
1 lot tcmpcralurc  level, 40
IIybrid in[cgrated  circuits, 50,59
Ilystcrcsis,  40
]ndLlctivc  charging, 59
lnfmt  mortality, 21
lnspcction,  69
lnlcgratcd  circuits, 59
Interface circuit isolation, 63
]ntermittcnt  operation, 59
ionization effects, 15
lonizjing rac]iation, 15
1s0 9000, 80
.lI’lrr,  15
.lunction  field effects transistors, ] 5
Kitting  inspection, 69
J ,arge arcahass ratio, 5
l,atent defec ts ,  21 ,  59
1.aunch  environment, 5



1.igh[-emitting  cliodes, 15
Linear integrated circuit devices, 15
1,OSS of calibration, 40
lmss of cold/hot start capability, 40
Manufacturer’s process, 80
Manufacturing process review, 55
Mass model, 5, 15
Materials certification, 80
h4cchanical  components,21, 35
Mechanical cycles, 21
Mechanical rncchanisms,21, 35
Mctalization  flaws, 50
Mctaliz.cd  barrier bags, 59
Microcircuits, 50
Microwave solid state devices, 59
Minimum operating time, 21
Mission design, 15, 21, 35
Mission cnviromnent,  5, 10, 15,21,35
Mission impact, 84
MOS devices, 15
MOSFETS,  15
Multipacting,  40
New procedure, 80
New process, 80
Non-operating temperature range, 40
Open circuits, 59
Opcra(ing  temperature range, 40
Optical materials, 15
Optics, 15, 35
Oscillators, 59
Overstrcss,  32
P/FR closure, 84
Parametric drift, 40
Parametric Pdi]urcs,  59
Part pedigree, 69
Parts Stress Analysis (PSA), 32
Photodetectors, 15
Post-screen inspection, 69
Power cycling, 21
Prc-scrccn  inspection, 69
Prob]cm description, 84
Problcm recurrence, 84
Problcm/Failure Report (P/FR), 84
Process control, 80
Process drift, 80
l’roccss qualification, 80
Process review, 80
Processing/worknlanship changes, 55
Procurement, 80
l’roduct reliability verification, 5, 10, 15,21,

2,9, 3235
Project rcsourccs,  84
Protective clothing, 59
l’yrotechnic shock, 10

QA inspection, 69
QA Plan, 78
QA support, 78
Qualification IUW or SAY, 84
Qualified h4anufacturing  Line (QMI,), 80
Quality Assurance, 78
Quart~, crystals, 15
Radiation capability, 15
Radiation design margin, 15
Radiation shielding, 15
Radiographic analysis, 50
Reactivated process, 80
Receiving inspection, 69
Rcctificrs, S9
Red flag P/FR, 84
Relative humidity ICVCIS, 59
Reliability block diagram, 29
Residual gas analysis, 50
RF circuits and devices, 40
Risk rating, 84
Root cause, 84
Safe handling procedures, 59
Scanning electron microscope, 50
Schcdulc  slack, 84
Short circuits, 59
Single point failure, 29
Site surveys, 55
Solar-flare, 15
Solder interconnects, 40
Sound pressure level, 5
Spacecraft grounding’, 63
Stress rupture, 40
Structural fatigue, 5
Structural vibration, 5
Structures, 5, 10, 35
Subcontractor control, 55
Survival temperature range, 35
System engineering }IAV or S/W, 84
System-level fault tree, 29
Ternpcraturc  design margin, 35
~’emperature  design rcquircmcnt, 35
I’empcraturc  ranges (operating and non-

operating), 35
Temperature rate of change, 40
Test pressure, 40
‘1’hcrmal cycling, 40
~’herma]  gradients, 40
~’hcrmal test requirements, 35,40
‘1’hermal test, 40
qihcrmal time constant, 40
~’hcrmal/atnlosphcre,  40
7’hermal/vacuum,  40
‘1’hin-film resistors, 59
~’otal ionizing dose (’1’11]), 15
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7’ransicnt ioni7.ation  effects, 15
Transistors, 15, 50, 59
Trapped radiation, 15
Traveler, 80
Triboclcctric  mcthocl,  59
Vcrifrcation of contractor activity, 55
Vias, trace, 40
Vibration excitation, 5, 10
Vibration, 5
Vibroacoustic  environment, 5
Visual examination, 50
Visual inspccticm,  69
Wcarout, 21
Wire bond pull test, 50
Worst case conditions, 32
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